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Abstract
Following an introduction on the history of Supramolecular Chemistry, the nomenclature, the 
functionalization of the calix[4]pyrrole ligand, and the selective interaction of 
calix[4]pyrroles with anions in non aqueous solvents are discussed in Chapter I. The factors 
that control the selectivity of calixpyrrole receptors toward anions are also incorporated in 
this Chapter.
This thesis concerns an investigation on calix[4]pyrrole derivatives which are able to 
discriminate between anions in solution. It also aimed to investigate the ability of sulphur 
containing calixpyrrole ligands to selectively interact with the Hg(II) cation .The interaction 
of calix[4]pyrrole ligands with ionic species in a variety of solvents (acetonitrile, N,N- 
dimethylformamide, dimethyl sulfoxide and propylene carbonate) was discussed through !H 
NMR, conductance, titration calorimetry and UV-Visible spectroscopy. Information 
regarding the sites of interaction of calixpyrrole receptors with anions and metal cations was 
obtained from NMR.
Conductance measurements were used to (i) gain semi-quantitative information about the 
strength of anion / cation complexation (ii) establish the composition of the complexes 
examined. Solubility data for calixpyrrole ligands in various organic solvents at 298.15 K 
were determined. These data were used to calculate the standard Gibbs energies of solution 
and subsequently the transfer Gibbs energies of these ligands to various solvents taking 
acetonitrile as a reference solvent.
Titration calorimetry was used to determine the thermodynamic parameters of complexation 
of calix[4]pyrrole receptors in non-aqueous solvents. The affinity of the ligands for the 
fluoride anion relative to other anions was quantitatively evaluated through the calculation of 
the selectivity factors making use of stability constant data.
The crucial role played by the solvent on the ability of calix[4]pyrrole derivatives to host 
anions is demonstrated through the thermodynamics of transfer of product and reactants from 
one medium to another.
Finally the synthesis and extraction properties of chelating resins containing calixpyrrole 
derivatives as monomers as well as by anchoring sulphur containing pendent arms into a 
silica backbone for the efficient removal of anions (H2PO4' and H2ASO4") and Hg(II) cation 
are discussed.
Final conclusions and suggestions for further research in this area are given.
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Chapter One Introduction
1. Introduction
In the late sixties, a new branch of Chemistry, Supramolecular Chemistry, emerged and
has expanded very rapidly, particularly in the last ten years. Supramolecular Chemistry is
a highly interdisciplinary research field that originated from early ideas on receptors 
  • • 1 0(Paul Ehrlich) , coordination chemistry (Alfred Werner) and the lock-key principle 
(Emil Fischer) . It was not until much later that Supramolecular Chemistry began to 
emerge as a discipline by the introduction of concepts such as molecular recognition, pre­
organization and self-assembly.
Supramolecular Chemistry4'8 is defined as the Chemistry ‘beyond the molecule’, or the 
Chemistry of tailor-shaped inter-molecular interactions. It refers to the area of Chemistry 
which focuses on non-covalent bonding interactions of ionic and neutral species. In 
recent years Supramolecular Chemistry has established itself as one of the most active 
fields of Science. Pioneers in this field are Pedersen9, Lehn10’13 and Cram,14 for their work 
on crown ethers, cryptands and spherands respectively in the area of host-guest 
chemistry. These researchers were awarded the 1987 Nobel Prize in Chemistry. Early 
inspiration for the building up of supramolecular species was obtained from Nature and 
especially from biological aggregates like lipid bilayers, the DNA double helix, and the 
tertiary and quaternary structure of proteins.15 Nowadays the area of Supramolecular 
Chemistry stretches from Molecular Recognition involving natural and artificial 
complexes to their applications in Material Sciences, the development of Chemical 
Technologies and Medicine.
In contrast to Molecular Chemistry, which is predominantly based on the covalent 
bonding of atoms, Supramolecular Chemistry is based on far weaker and reversible non- 
covalent interactions. These named in order of decreasing strength are (a) electrostatic 
interactions (ion-ion, ion-dipole and dipole-dipole interactions) (b) hydrogen bonding (c) 
7i-7i interactions and (d) van der Waals forces16. Although a single interaction is generally 
much weaker than a covalent bond, the cooperative action of many of such interactions 
may lead to supramolecular species that are thermodynamically and kinetically stable 
under a variety of conditions. Thus non-covalent synthesis enables the building up of 
supramolecular entities having architectures and features that are sometimes extremely
1
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difficult to prepare by covalent synthesis. In addition, hydrophobic or solvophobic effects 
often play a role.
A macrocycle is a cyclic molecule with three or more potential donor atoms in a ring of 
at least nine atoms. Macrocyclic ligands are polydentate ligands containing their donor 
atoms either incorporated in or, less commonly, attached to a cyclic background. 
Macrocyclic ligands contain donor atoms, which may coordinate bonds metal centers17.
Initially, much of the impetus was on the synthesis of macrocycles and their complexes 
and this led to the development of highly efficient synthetic routes for large ring 
compounds. It is still a source of wonder that such large rings can be prepared 
specifically and in high yields. Macrocyclic chemistry is fun! The structures of the 
molecules are unusual and attractive, very often unexpected results are encountered, and 
when the synthetic routes have been optimized, remarkable large molecules may be 
prepared in high yields from the most unlikely small molecule precursors.
At the beginning of the 1960’s, the properties of macrocyclic coordination compounds 
were genuinely regarded as different and unusual. Recently, the high stability of 
macrocyclic complexes has been utilized in a wide range of technological applications. 
Particular interest has centered upon the use of macrocyclic ligands for the selective 
extraction of metal cations, anions, or both.18,19
Calixarenes (1), porphyrins (2), calixpyrroles (3), phytocyanines (4) and crown ethers (5) 
are some of the macrocycles (Chart 1.1), which are commonly encountered in Modem 
Coordination Chemistry.
Calixarenes have received particular attention because of their ionic and molecular
90 99binding properties. ' However only calixarene derivatives with functional groups 
containing nitrogen or softer atoms such as sulphur show superior selectivity toward soft
I  ^| 93 94
ions such as Ag and Hg over alkali metal ions. ’ Thus, many heterocyclic groups 
have been introduced into calixarenes, both on their lower and upper rim to enhance their 
cationic selectivity and other physical properties.25
2
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CH
CH.
OH
HNNH HNNH
CH3
\  /
Chart 1.1 Examples of structures designed in Supramolecular Chemistry.
1.1. Calix[4]pyrroles
The calix[4]pyrroles (meso-octasubstituted porphyrinogens) are a class of 
heterocalixarene analogues that show interesting anion and neutral substrate binding 
properties. The story of calix[4]pyrrole started with Baeyer’s publication of his paper on 
the condensation of pyrrole and acetone26 which appeared in 1886 (Scheme 1.1). Some 
fourteen years after, he initiated his first studies of phenol-formaldehyde condensation
3
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* 27chemistry . The first report by Brown et. al for the synthesis of modified calixpyrroles 
appeared in the mid 1950s28. The interest in these macrocycles was renewed in the 1990s 
by the extensive work of Floriani and coworkers on the metallation and attendant 
synthetic chemistry of deprotonated calixpyrroles29.
(CH3)2CO
HCI / room Temp
Scheme 1.1. Synthetic procedure used for the preparation of calix[4]pyrrole 
Recently, calixpyrroles have also been noticed for their molecular recognition of anionic
-3 A
guests. It is only in recent years that calixpyrrole and its derivatives have been subjected 
to detailed thermodynamic studies regarding their selectivity toward anions by Danil de 
Namor and co workers .
In the past, four pyrrole rings linked by methylene groups to form colorless compounds
O A
were referred as porphyrinogens . The term calix[4]pyrrole was later ascribed to these 
macrocycles and their derivatives because they are not susceptible to oxidation and due to 
their clear analogy to calix[4]arene . Calix[4]pyrroles, like related calix[4]arenes, are 
very flexible because of rotations around the interpyrrole bonds. The 1,3- alternate 
conformation (Fig. 1.1) is preferred in vacuum,34 in the solid state and in several apolar
3  r  ' j / r
solvents. ’ However calix[4]pyrrole adopts a ‘cone’ conformation when bound to
•3A
anionic substrates such as fluoride and chloride ions .
1,2-altemate1,3- alternate
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P
Cone Partial cone
Fig. 1.1 Structures of major conformations of calix[4]pyrrole.
The conformational flexibility and H-bonding ability of calix[n]pyrroles enable them to 
strongly hold guest species by multi-point and non-covalent interactions. Calix[4]pyrroles
• 38cations.
1.2. Calixpyrrole Derivatives
The design and synthesis of anion receptors possessing high affinity and selectivity 
represents a challenge that continues to attract considerable attention within Molecular 
Recognition and Supramolecular Chemistry. Calixpyrroles (Chart 1.2) represent a set of 
readily accessible receptors for various anions whose affinity toward fluoride, chloride, 
and phosphate anions in organic media has been well documented since their anion
O A
recognition characteristics were first reported by Sesseler and coworkers in 1996 .
and calix[4]furans have proved to be efficient in their selective binding with anions37 and
(6) ( 7 ) - R , = C H 2 C 0 2 Et ,R2= H
( 8 ) - R i = R 2 = CH2 C 0 2Et
(9)
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CH-
NR.H,C'
CH3
HN NR,NH NR.
,NR3
CH.
CH3 c h 3
(10) (11) - R, =  Me, R2 = R3 = R4  = H
(12) - R! = R2  = Me, R3 = R4  = H
(13) - R, = R 3 = Me, R2  =  R4  = H
(14) - R, = R2  = R3 = Me, R4  = H
(15) - R, = R2 = R3 = R4  = Me
(16) - R, = Et, R2 = R3 = R4  =  H
c h 3
OR
(17) -  R = COMe
(18) - R = Me
(19) - R = CH2COOEt
(20) - R = CH2CONEt2
( 2 1 ) - R  =
CH2 CH2NHCONHC6 H5
,NH NH
HNNH
(22) (23)
( 2 4) - n  =2
(25) -  n =  1
Chart 1.2 Structural Formulas and abbreviations for the calixpyrrole derivatives.
Several calixpyrrole derivatives were investigated in this work. For easy referral, the 
calixpyrrole derivatives were given Roman numerals preceded by prefix (CP) standing 
for calixpyrrole, however the actual names are given in Table 1.1. The modifications of 
calix[4]pyrrole were achieved by replacing one or more of the pyrrole units by another 
heterocyclic rings such as thiophene (CP(II) - CP(IV). These systems differ from other 
functionalized systems in the sense that the incorporated thiophenes other than pyrrole 
can act as cationic recognition sites. Another approach for the synthesis of new 
calixpyrrole derivatives consists of the attachment of different substituent to the hydroxyl 
group of CP(V). Meso alteration of calix[4]pyrrole was also used to produce new 
calix[4]pyrrole derivatives.
6
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Table 1.1 Structural formulas, common names and abbreviations for the calixpyrrole 
derivatives.
Structural Formula Name Abbreviation
HNNH Calix[4]pyrrole CP®
NH Calix[3]thieno[ 1 ]pyrrole CP(II)
HN Calix[2]thieno[2]pyrrole CP(III)
N,N-dimethylcalix[2]thieno[2]pyrrole CP(IV)
7
Z 
X
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OH
<:h3
X ,
Meso-tetramethyl-tetrakis-(4- 
hydroxyphenyl) calix[4]pyrrole
Meso-tetramethyl-tetrakis {4-[2- 
(ethylthio)ethoxy]phenyl} calix[4]pyrrole
Meso-tetramethyl-tetrakis-(thiophene)
calix[4]pyrrole
Meso-tetramethyl-tetrakis-(3 - 
hydroxyphenyl) calix[4]pyrrole
CP(V)
CP(VI)
CP(VII)
CP (VIII)
8
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1.3. Solubility of Calixpyrroles
The parent calix[4]pyrrole, CP(I), is almost soluble in most of non aqueous solvents at
*3 I
298.15 K (Table 1.2a). After examining the data presented in Table 1.2c, a conclusion 
can be drawn that CP(I) does not undergo selective solvation in these solvents. This 
suggests that the medium effect on the complexing ability of this receptor is negligible.
Table 1.2a Solubilities of calixpyrroles [CP(I), CP(V), CP(VIII) and 21) in various 
solvents at 298.15 K.
Solubility (mol.dm'3)
Solvent CP(I) C P(V )-aaaa CP(VIII)-aapp CP(VTII)-apap 21
-MeCN 1.39 x lO '2 9.45 x 10-4 4.09x1 O'3 4.05 x 10‘3 —
MeOH 8.07 x 10'3 7.52 x 1 O’2 8.67 xlO '2 2.98 x 10’2 —
EtOH 6.27x1 O'3 3.63 xlO '2 1.44x1 O'2 5.18 x 10'3 —
DMF 1.36 x lO *2 Solvate formation Solvate formation Solvate formation 1.80 x 10'3
DMSO 1.38 x lO '2 Solvate formation Solvate formation Solvate formation 1.73 x 10‘3
PC 1.40 x lO "2 Solvate formation Solvate formation Solvate formation 1.95 xlO '3
Abbreviations'. MeOH, methanol; EtOH, ethanol; MeCN, acetonitrile; PC, propylene 
carbonate; DMSO, dimethyl sulfoxide; DMF, A,77-dimethylformamide.
On the other hand, CP(V) and CP(VIII) are an extended versions of CP(I), but the 
incorporation of the phenol groups into their structures changed dramatically the
TOsolvation of these ligands in these solvents . It is clear from Table 1.2a that these ligands 
undergo solvate formation in solvents like DMF, DMSO and PC which prevented the 
derivation of the Gibbs energy of solution in these solvents (Table 1.2b).
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Table 1.2b Standard Gibbs energies of solution of the calixpyrrole derivatives in various 
solvents at 298.15 K
ASG° (kJ.mol"1)
Solvent CP(I) CP(V)-aaaa CP(VIII)-aapp CP(VIII)-apaP 21
MeCN 10.60 17.26 13.63 13.66 —
MeOH 12.57 8.22 10.51 7.34 —
EtOH 11.95 6.41 6.06 8.71 —
DMF 10.65 Solvate formation Solvate formation Solvate formation 15.67
DMSO 10.62 Solvate formation Solvate formation Solvate formation 15.76
PC 10.58 Solvate formation Solvate formation Solvate formation 15.47
Table 1.2c Derived transfer Gibbs energies from acetonitrile to other non-queous 
solvents at 298.15 K
A,G° (MeCN  -> s) (kJ.mor1)
Solvent CP(I) CP(V)-aaaa CP(VIII)-aapp CP(VIII)-apaP 21
MeCN 0.00 0.00 0.00 0.00 —
MeOH 1.97 -9.04 -3.12 -6.32 —
EtOH 1.35 -10.85 -7.57 -4.95 —
DMF 0.05 Solvate formation Solvate formation Solvate formation —
DMSO 0.02 Solvate formation Solvate formation Solvate formation —
PC -0.02 Solvate formation Solvate formation Solvate formation —
10
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The high solvation of these ligands in protic solvents (methanol and ethanol) relative to 
acetonitrile was anticipated due to the ability of these solvents to hydrogen bond to the 
OH of the phenol group in this macrocycle39. This is reflected in the negative AtG° values 
for these ligands in methanol and ethanol.
The introduction of N-(2-phenoxyethyl)-N'-phenyl urea group into the backbone of CP(I) 
decreases drastically the solubility of the calixpyrrole derivative, 21 , in acetonitrile, 
methanol and ethanol and hence the solubility of this ligand in these solvents was not 
reported40. Therefore the investigation was limited to solubility studies of this derivative 
in DMF, DMSO and propylene carbonate. Solubility data obtained for 21 (Table 1-2) 
show that this ligand does not undergo selective solvation in these solvents.
1.4. Functionalization of Calixpyrrole
The calixpyrrole macrocycle can be regarded as a platform with three addressable sites 
that can be separately modified with different functional groups (the C-rim, the N-rim 
and the meso position).
(A) C-rim
(B) N-rim
(C) Meso-position
Separate chemical modification to each rim can be used to incorporate extra groups 
and provide extra binding sites. The incorporation of different functional groups on 
each rim can be used to synthesize calixpyrroles that can selectively complex different 
species on these rims, especially anions of different geometries and shapes.
A different approach can be applied to produce new calixpyrrole derivatives with 
cationic binding sites, that is by incorporating in the backbone of the parent 
calix[4]pyrrole, heterocyclic units such as thiophene, furan and pyridine41.
A
CH-
CH-
11
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1.4.1. Modification at the C-rim
Several calix[4]pyrrole molecules containing functional groups appended to the carbon- 
or C-rim of the calix[4]pyrrole have been synthesized35. Two strategies were pursued in 
the synthesis of these materials. The first strategy is based on the condensation of p- 
substituted pyrrole molecules with ketone compounds in acidic medium (6) (Scheme 
1.2). The second strategy involves the modification of the C-rim of a pre-synthesized 
calix[4]pyrrole (7-9) using n-butyllithium as the deprotonating agent (Scheme 1.3).
MeO OMe
MeO OMe O
/ /  w acetic acid
Scheme 1.2. Synthetic procedure used for the preparation of 6 .
CH- H,C
CH-
i- BuLi, THF >► HNNH
ii- BrCHoCOoEt
•CH-
CH;CH;
(7) -  R, = CH2C 0 2Et, R2  = H
(8 ) -  Rj = R2 =CH2 C 0 2Et
CP(I)
N-bromosuccinimide
THF
(9)
Scheme 1.3. Synthetic procedures used for the preparation of 7, 8 and 9.
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1.4.2. Modification at the N-rim
A variety of N-alkyl substituted calix[4]pyrrole (alkyl = methyl, ethyl or butyl) were 
obtained by the reaction of meso- octylethylcalix[4]pyrrole (10) with sodium hydride and 
alkyl iodide in the presence of 18-crown-6 in tetrahydrofuran.42 The variation of alkyl 
iodide:10 mole ratio results in the production of different N-rim modified 
calix[4]pyrroles (11-16) (Scheme 1.4).
16- Ri = Et, R2 = R3 = R4 = H 
Scheme 1.4. Synthetic procedure used for the preparation of 11-16.
1.4.3. Modification at the Meso-Position
Modification of calix[4]pyrrole to produce meso-functionalized derivatives was achieved 
by condensing mixtures of different ketones with pyrrole. The acid catalyzed 
condensation of pyrrole and 4-hydroxyacetophenone led to the formation of an extended 
cavity calix[4]pyrrole [CP(V)]43,44. The aaaa-isom er of CP(V) possesses an array of 
phenol moieties that resembles that present in the lower-rim unfunctionalized 
calix[4]arene in the “cone” conformation. In this context, a variety of longer and bulkier 
functional groups than methyl (18) has been used to functionalize the phenol group of 
CP(V). Compounds 19 and 20 were synthesized by the reaction of CP(V) with 
ethylbromoacetate and 2-chloro-N,N-diethylacetamide respectively in dry acetone
18-crown-6, THF
10 11- Ri = Me, R2 = R3 = R4 = H
12- Ri = R2 = Me, R3 = R4 = H
13- R1= R 3 = M e,R2 = R4 = H
14- Ri = R2 = R3 = Me, R4 = H
15- Ri = R2 = R3 = R4 = Me
13
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followed by the addition of potassium carbonate and potassium iodide under continuous 
stirring for 5 days45 (Scheme 1.5). In an attempt to increase the capability of calixpyrroles 
toward anionic guests, Danil de Namor and co-workers46 synthesized a new double cavity 
calix[4]pyrrole derivative (21) (Scheme 1.6). This compound may be regarded as a 
pyrrolic analogue of the lower-rim functionalized calix[4]arenes synthesized and studied 
in the 1980s by Ungaro, McKervey and co-workers47, 48and in the 1990s by Danil de 
Namor and co-workers .
>
CH.
0=
c h 3
Acetone / 5 days (19)
OH
CP(V) CICHoCONEt-
■>
c h 2
0=
20
Scheme 1.5 Synthetic procedures used for the preparation of 19 and 20.
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OH
CP (V)
Br— CHo
+ \  _  C = N
NH
NH
21
NaH
THF
O
II
'C
DMF
A
N
THF LiAIHy
+
CH2
NHc
Scheme 1.6 Synthetic procedure used for the preparation of 21
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1.5. Calixpyrrole Interaction with Anions
Cation Recognition Chemistry has grown extensively from its beginnings in the late 
1960s when Pedersen reported the synthesis and coordination chemistry of crown ethers 
and Lehn published the first account of cation coordination chemistry by cryptands49. 
Anion coordination has received little attention over the last 30 years when compared to 
that devoted to the coordination chemistry of cations. However, as the realisation of the 
important roles that anions play in Biology,50,51 Medicine,52 Catalysis53 and 
Environmental Chemistry54,55,56 has grown, so interest in anion coordination has become 
more widespread. Pollutant anions have been linked to eutrophication of rivers (from the 
over use of phosphate-containing fertilizers)55.Carcinogens (metabolites of nitrates)54 and 
dental fluorosis (fluoride ingestion)57 are also a matter of environmental concern.
On the basis of the above discussion, intense efforts are being devoted to the problem of 
anion complexation and recognition. In general, a receptor is expected to provide a cavity 
in which the envisaged guest is accommodated. Moreover, the cavity should contain 
groups capable of interacting with the guest. Selectivity depends on the intensity of the 
receptor-substrate interaction and the geometrical factors (size and shape matching 
between receptor and substrate). Complementarity between the receptor and anion is 
crucial in determining selectivity. In general, anions are prone to interact through either 
electrostatic or H-bond interactions.
Early work by Sessler et al58,59 demonstrated that 
diprotonated sapphyrin (Fig. 1.2), with a positive 
charge and an array of five NH hydrogen-bonding 
groups, binds over 10 more strongly to fluoride ions 
than either chloride or bromide anions. This research 
field however, is now moving at a rapid pace as proved 
by a number of authoritative reviews appeared in the
recent literature.60,61 Significant progress in this field jrig. 1.2 Structural formula of 
has been made by the discovery that pyrrole-based diprotonated Sapphyrin.
16
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analogues of calix[4]arenes such as calix[4]pyrroles are capable of bindings anions.62 
After lying virtually dormant in the literature for nearly a century, its anion recognition 
characteristics were first reported by Sessler et al in 199630. The interest in calixpyrroles 
stemmed from the discovery that the NH array present in these species can act as a 
binding site for anionic guest species30. Various modifications have been put forward in 
an effort to tune the anion binding characteristics of the parent systems.63 As a result of 
these efforts, some enhancements in inherent anion binding affinities and selectivities 
have been achieved.64 The ease of preparing calixpyrroles in high yield makes them 
amenable to industrial applications in chemical and optical sensing and in the separation 
of anions.
The selective binding of calix[4]pyrrole receptors for anions was studied by various 
methods including *H NMR studies, fluorescence spectroscopy, conductometry and 
calorimetry 31*39*40*46 and these are now discussed.
1.5.1. *H NMR Studies
The solution binding properties of calix[4]pyrrole receptors were investigated using 1H- 
NMR titration techniques in acetonitrile-d3, dichloromethane-d2 and / or dimethyl 
sulfoxide-d6 solutions.
Proton NMR studies were performed in order to assess the affinity of the calixpyrrole 
receptors for anions and to obtain information regarding the sites of interaction of these 
ligands with their targets. The composition for some calixpyrroles-anion complexes was 
also determined by H NMR or conductometric measurements ’ . Also identified by 
conductometric studies was the ionic nature of anion salts in solutions of interest. !H 
NMR, spectroscopic and calorimetric titrations were used to determine the stability 
constant of complexation processes. For *H NMR studies, the EQNMR computer 
program was used for data analysis.65
Table 1.3 reports the chemical shift changes found by the addition of halide anions to 
calix[4]pyrrole compounds relative to the free ligands in acetonitrile-d3. The findings 
revealed that the calixpyrrole ligands are not only effective anion-binding agents in
17
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solution, they are also selective ones; they show a marked preference for the fluoride 
anion relative to other putative anionic guests (chloride, bromide iodide and dihydrogen 
phosphate anions). The most substantial changes are observed for the pyrrole NH and p- 
CH protons, indicating that these provide the sites of interaction between these ligands 
and the anions in the solvents of interest.
The studies in acetonitrile-d3 with calixpyrrole derivatives [CP(I), CP(V), CP(VIII) and
1 'IQ
22] ’ have shown significant downfield shifts of the NH protons on addition of F', Cf 
and Br' anions (Table 1.3).
,NH NH
'HNi
22
The CP(I) ligand exhibits pyrrole-H chemical shift changes upon the addition of excess 
amounts of fluoride, chloride, bromide, iodide and dihydrogen phosphate anions. On the 
other hand, the pyrrole-NH protons of CP(I) show greater downfield shifts for the 
fluoride anion (up to A8 = 5.18 ppm) than for other halide anions31.
As far as aaaa-C P(V ) is concerned, it was not possible to locate the NH signal in the 
spectrum due to broadness of the peak and its low solubility in acetonitrile. Significant 
chemical shift changes were observed upon the addition of the fluoride anion (Table 1.3). 
At high [F‘] / aaaa-C P(V ) ratios, a second binding process, involving presumably the 
interactions between the fluoride anion and the phenolic OH residues was observed.66
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Table 1.3 ‘H NMR chemical shift changes (A5 ppm) of CP(I), CP(V), CP(VIII) and 22 
upon complexation with halide anions in acetonitrile-d3 at 298 K
A5(ppm)
CP(I)31’40
CP (V)-
a a a a 66
CP(VIII)-aapp39 CP(VIII)-apap39 2240
Anion NH Py-H OH
( H Ni)
OH NH OH NH
F' 5.18 -0.28 0.47
0.09
(-0.31)
— 5.48 0.22 3.47
c r 3.61 -0.26 -0.04
0.08
(-0.33)
1.89 2.08 0.69 1.93
Br" 3.16 -0.24 -0.02
0.12
(-0.25)
0.77 1.00 0.12 1.65
T 0.06 0.02 0.00 0.10 0.00
On the other hand upon the addition of the fluoride anion, new resonances (for NH, ArH, 
and pyrrole CH protons) were observed in the *H NMR spectrum of 22 corresponding to 
fluoride complexation / decomplexation kinetics relative to the NMR time scale45. Thus, 
the anion binding behavior of calixpyrrole derivatives appears to be a direct consequence 
for the hydrogen bonding of polypyrrolic macrocycles of appropriate size and shape.
Nonetheless, it is important to appreciate that variations in the structure of calixpyrrole 
receptors do serve to modulate the anion binding affinities. The affinities of CP(V), 
CP(VIII), and 18 in acetonitrile for fluoride, chloride, bromide, iodide and dihydrogen 
phosphate anions are actually lower than those of CP(I)31 (Table 1.4). This is presumably 
due to a combination of electronic effects and steric interactions between the meso-aryl 
groups and the anions. There have been numerous studies on complex formation with
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calixpyrroles. However, most of these studies have been carried out in acetonitrile, N, N- 
dimethylformamide and dimethylsulfoxide31,40,43,46,66. Reports on the interaction of 
calixpyrroles (6 , 767 and 23-2530’68) with anions in solvents of low dielectric constants 
such as dichloromethane are few because of the very low solubility of anion salts in these 
solvents and the problem arises from ion-pair formation. Therefore, the possibility of the 
existence of ion-pair in this solvent (low permittivity) cannot be excluded.
These macrocycles show interesting highly selective fluoride anion coordination 
properties in solution that are atypical of calix[4]pyrrole macrocycles.
HNNH
23
Moreover, the aaaa-isom er of 18 has the highest affinity for anions among the three 
isomers of 18.66 This reflects the fact that this isomer is presumably able to adopt easily a 
“cone” conformation. On the other hand, and due to solubility limitations, the interaction 
of 2146 with anions was performed in N, N-dimethylformamide. It shows a superior 
selectivity for the fluoride anion in the solvent of interest. Also while CP(VIII)- aap p  is 
able to host one fluoride anion per unit of ligand, CP(VIII)- aap p  can complex two 
fluoride anions.
The introduction of a spzro-cycloalkyl substituent (23, 24 and 25) reduces the anion 
binding affinity of these receptors. It was found that the generalized solution-phase anion 
binding properties decrease in the order Me2 > spiro-cyclohexyl > spiro-cyclopentyl. 
spiro-cyclobutyl (i.e., CP(I) > 23 > 24 > 25).
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In many cases, the use of the chemical shift changes of certain NMR signals of 
calixpyrrole derivatives to establish the composition of the anion complex and to 
calculate the stability constant did not provide reliable values due to proton resonance 
broadness and/or the move of certain signals out of the NMR scale for strong complexes. 
This difficulty was overcome by using other available analytical techniques such as 
conductance measurements for the determination of the complex composition and 
calorimetric titrations to determine the thermodynamic parameters of complexation.
31 391.5.2. Conductometric Titration Investigations ’
As far as the determination of the composition of the complex is concerned, this can be 
obtained from the variation of electrical conductance of an ionic solution titrated with a 
solution of the neutral calixpyrrole receptor as a result of the different mobilities of the 
species in solution. Plots of molar conductances, Am, against the receptorranion 
concentration ratios can provide useful information regarding the composition of the 
complex and the strength of anion-receptor interaction. In fact, several conclusions can be 
drawn from the shape of the conductometric titration curves.
Illustrative examples of curves showing molar conductance as a function of the 
ligand:anion ratio are given in Fig. 1.3. This Figure unambiguously demonstrates the 
selective behaviour of CP(I) for fluoride relative to chloride and bromide anions in 
acetonitrile. Indeed the conductometric titration curve of fluoride with CP(I) shows two 
straight lines intersecting at the 1:1 stoichiometry of the complex demonstrating the 
formation of a highly stable complex relative to chloride (noticeable change in curvature, 
moderate complexation) or bromide (plot with small slope, weak complex).
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Fig. 1.3 Conductometric curves for the titrations of F , C1‘, and Br* (tetra-n-butyl 
ammonium counter-ion) with CP(I) in acetonitrile at 298.15 K (Results were reproduced 
from M. Shehab thesis40, University of Surrey, 2005)
The enhancement in the receptor capacity to host anions has been successfully achieved 
by the design of double-cavity ligands (21). This is reflected in the conductometric 
titration curve (Fig. 1.4) for the fluoride anion when titrated with receptor 21. In fact in 
N, N-dimethylformamide, this receptor takes up two anions per unit of ligand while 
discriminating against other spherical (chloride, bromide and iodide) and non-spherical 
(hydrogen sulphate, perchlorate, nitrate and trifluoromethane sulfonate) anions except 
H2PO4". With this anion only the formation of a 1:1 complex was observed.
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Fig. 1.4 Conductometric curve for the titrations of fluoride (tetra-n- butyl ammonium 
counter-ion) with 21 in acetonitrile at 298.15 K (Results were reproduced from M.
Shehab thesis, University of Surrey, 2005)
1.5.3. Thermodynamics of Complexation
The stability constants (expressed as log Ks), and derived Gibbs energies, ACG°, 
enthalpies, ACH°, and entropies, ACS°, of complexation in acetonitrile [CP(I) and 
CP(VIII)]31’39 and N,N-dimethylformamide [CP(I), 21 and CP(VIII)] are listed in Table 
1.4. The method used to determine log Ks is given in each case.
The striking feature of the data is the selective behaviour of the calixpyrrole ligands for 
the halide anions in acetonitrile, N, N-dimethylformamide, and dimethyl sulfoxide. 
Indeed the receptors are able to recognize selectively these anions in the following 
sequence,
F > C f > B f > r
It is therefore concluded that these ligands are more selective for fluoride relative to 
chloride, bromide and iodide in acetonitrile N, N-dimethylformamide, and dimethyl 
sulfoxide. On the other hand, not all calixpyrrole derivatives are found to discriminate 
between fluoride and dihydrogen phosphate. As an example, receptor CP(VIII)-aapp is
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slightly more selective for the dihydrogen phosphate than for the fluoride anion (KS(F' 
)/Ks(H2P04') = 0.3) in acetonitrile. The apap  isomer of CP(VIII) is also found to have 
similar complexation strength toward both anions in the same solvent.
Inspection of Table 1.4 suggests that the anion binding properties of calix[4]pyrroles can 
be tuned by the synthesis of deep (CP(V) and CP(VIII)) and double cavity (21) systems. 
The orientation of the phenol group in CP(VIII)-aaPp turned the affinity of this isomer 
towards the tetrahedral dihydrogen phosphate (1:2 ligand: anion ratio) over the remaining 
spherical anions (1:1 ligand: anion ratio). Both isomers of CP(VIII) show a similar trend 
in terms of selectivity except in the case of CP(VIII)-apap. The selectivity and the 
capacity of this ligand to interact with the fluoride anion is enhanced. Thus the 
interaction of CP(VIII)-apap with fluoride is greater than that with the dihydrogen 
phosphate anion. The presence of the second anion-binding group (amide or thiourea) in 
these receptors 26-28 enhances the selectivity of these receptors for the dihydrogen 
phosphate relative to the chloride anion (Table 1.4).
The complexation processes of CP(I) and CP(VIII) with fluoride and chloride in 
acetonitrile are enthalpically controlled. As far as CP(I) is concerned, the higher stability 
of the fluoride anion relative to chloride is mainly attributed to the less unfavourable
26 27 28
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entropy change of the former relative to the latter given that enthalpy values for these two 
anions do not differ significantly. On the other hand, both, the enthalpy and the entropy 
of complexation of CP(I), 21 and CP(VIII) with the fluoride anion in N, N- 
dimethylformamide contribute favourably to the Gibbs energy associated to these 
process.
25
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Table 1.4 Thermodynamic parameters of complexation of calixpyrrole receptors with 
halide and dihydrogen phosphate anions (tetra-n-butylammonium as counter ion) in 
acetonitrile, N, N-dimethylformamide and dimethyl sulfoxide.
Acetonitrile
Receptor Anion L:X' T(K) lo g K s ACG°
(kJ.mol'1)
ACH°
(kJ.mol'1)
ACS°
(J.mol'K'1)
F 298 6.21 ± 0 .0 3 a -35.4 ± 0.2 -43.5 ± 0.3 -27
303 5.18° -30.04 -34.52 -14
298 6.32e
cr 298 4.70 ±0.07 -26.8 ± 0.4 -44.7 ± 0.9 -60
CP(I) 303
298
4.98d
4.72e
-28.87 -36.86 -26
Br 298 3.65 ± 0 .0 6 -20.8 ± 0.3 -30.7 ± 0.9 -33
303 3.44 -19.96 -34.89 -49
H2P 0 4‘ 298 5.00 ± 0.08b -28.5 ±  0.5 -48.1 ± 0 .1 -66
303 4.18 -24.22 -48.5 -80
295 3.11e
CP(V)-
a a a a
F
cr
H2P 0 4'
295
295
295
> 4 e 
2.5 l e 
2.70e
CP(V)-
a a a p
F
cr
H2P 0 4-
295
295
295
3.69e
2.41e
2.36e
CP(V)-
aa p p
F
cr
H2P 0 4-
295
295
295
> 4e 
3.15e 
2.7 l e
F* 295 > 4 e
1 8 -a a a a cr
h 2p o 4-
295
295
2.45e
<2
F 295 3.04e
18-aaaP cr 295
295
2.34e 
< 1.9
F 295 3.66e
18-aapp cr
h 2p o 4-
295
295
< 2 e
<2
F* 298 3.08 ± 0.02b -17.6 ± 0 .1 -97.1 ± 0 .8 -267
CP(VIII) cr 298 2.59 ±  0.04b -14.8 ± 0 .2 -55.46 ±  0.04 -136
-a a p p h 2p o 4* (1:1) 298 3 .6 0 ± 0 .0 2 b -20.54 ±  0.04 -24.55 ±  0.06 -13
(1:2) 2.50 ±  0.03b -14.43 ± 0 .0 4 -22.63 ±  0.06 -28
F (1:1) 298 5.00 ±  0.04b -28.5 ±  0.2 -31.4 ± 0 .3 -10
CP(VIII)
-a p a p
(1:2) 4.72 ±  0.0 l b -27.0 ± 0 .1 -61.5 ± 0 .3 -116
cr
h 2p o 4- (1:1)
298
298
2.36 ±  0.03b 
4.80 ±  0.02b
-13.5 ± 0 .1  
-27.4 ±  0.3
-86.3 ±  0.3 
-20.2 ± 0 .1
-244
25
(1:2) 4.66 ±  0.10b -15.2 ± 0 .5 -29.9 ±  0.6 -50
F 5.34f
26 cr
h 2p o 4*
4.02f
5.22f
27 F > 6 f
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cr 4.26f
h 2p o 4* 5.65
F > 5.30f
28h cr < 4 f
h 2p o 4- 5.83f
N,N-dimethyIformamide
F 298 6.8 ±  0.3a -39.0 ±  0.5 -26.2 ±  0.5 43
1 cr 298 4.2 ± 0 .1 -24.0 ± 0.6 -14.5 ± 0 .1 32
Br' 298 3.4 ± 0 .1 -19.1 ± 0 .7 -9.2 ±  0.9 33
H2P 0 4' 298 4.8 ±  0.1b -27.4 ± 0.6 -18.8 ± 0 .3 29
F (1:1) 298 4.3 ±  0.2b -24.6 ±  0.8 -21.1 ± 0 .2 12
21 (1:2) 298 2.8 ±  0.3b -15.7 ± 0 .2 -6.4 ±  0.4 32
h 2p o 4- 298 4.11 ± 0 .0 3 b -23.4 ± 0.2 -22.74 ±  0.02 3
CP(VIII) F (1:1) 298 3.4 ± 0 .1 b -19.2 ± 0 .8 -13.6 ± 0 .3 19
-aaPP (1:2) 298 3.2 ±  0.2b -18.2 ± 1 .1 -7.6 ±  0.2 35
Dimethyl sulfoxide
F 295 > 4 e
1 cr 295 2.99e
h 2p o 4- 295 3.75e
17 F 298 1.86e
F 295 > 68
38 cr 295 2.76s
H2P 0 4' 295 3.66s
F 295 > 6s
39 cr 295 2.81s
H2P 0 4' 295 3.91
F 295 > 6s
40 cr 295 3.45s
h 2p o 4- 295 5.20s
aFrom competitive calorimetry; b Microcalorimetry (TAM) 
c Calorimetry at 303.15 K using {Kcryptand222}+ as counter ion. 
d Tetraethyl ammonium as counter ion; 
eIH NMR Titration. 
fFlourescence Spectroscopy;
8 UV-Visible Spectroscopy
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1.6. Interaction of Calixpyrrole with Neutral Species
As the core of this thesis deals with an investigation of calixpyrroles with ionic species, it 
is worthwhile to briefly discuss the interaction of these macrocycles with neutral guests.
■5 c
In a recent work carried out by Sessler and co-workers , the stability constants of CP(I) 
with some neutral substrates were determined in C6D6 by explicitly using !H NMR 
techniques. CP(I) was found to form complexes with short chain alcohols, amides and 
other oxygen-containing neutral species. Although the stability constants were found to 
be modest (Table 1.5), a trend was observed in that the stability constant decreases as the 
aliphatic chain of the alcohol increases.
Table 1.5 Stability constants for CP(I) with neutral substrates in C6D6 at 298 K35.
Substrate Ks
MeOH 12.7 ± 1.0a (13 ±1 f
EtOH 10.7 ±0.7
PrOH 7.0 ± 0.4
BuOH 6.2 ±0.4
DMF 11.3 ±0.8
DMSO 16.2± l . l a (16± l)b
Acetone 2.2 ± 0.2
a Values reported in the original paper 
b Rounded values taking into account significant figures
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1.7. Calixpyrrole Anion Sensors
Anions play an important role in numerous biological processes and pathological events 
and are used as fertilizers and in industrial raw materials, all of which necessitate the 
development of sensitive anion sensors.69 The study of tailor-made host molecules for the 
selective recognition and sensing of anionic guest species has become a topic of 
increasing attention.70,71 The calixpyrrole derivatives, colorless macrocycles rich in 
pyrrole NH hydrogen bond donor functionality, are an easy-to-make class of neutral 
anion receptors that show considerable promise in the area of anion sensing. Calixpyrrole 
compounds show ability to selectively bind and sense anions through a macroscopic 
electrochemical or optical response.
Three strategies have been applied to the electrochemical detection of the formation of 
receptor-anion complexes: 1) Ion Selective Electrodes, where the potentiometric response 
of the membrane based-ISE containing the calixpyrrole ligand is used to provide 
information about the mode of anion binding, 2) detection of a current-potential 
perturbation of the properties of a redox-active host on complex formation, and 3) 
production of a chemically modified electrode consisting of a redox-active matrix and an 
anion-selective binding site.
Colorimetric or optical sensors generally contain some combination of substrate- 
recognition functionality (receptor) and optical-signaling capacity (chromophore) ,either 
directly linked or approximately associated to allow the detection of substrates by 
binding-induced changes in absorption or emission properties ( termed colorimetric and 
fluorescent sensors respectively).
1.7.1. Calixpyrrole Ion Selective Electrodes
The construction of Ion Selective Electrodes is particularly interesting from the 
perspective of the supramolecular chemist. Such systems could provide a convenient 
method for characterizing, under interfacial organic-aqueous conditions, the substrate
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binding characteristics of receptors that might not otherwise be amenable to study in the 
presence of water due to poor aqueous solubility and /or weak binding affinities.
Anion receptors use binding forces such as electrostatic interactions, hydrogen bonds and
79covalent coordination to a suitable metal centre. Moreover, calixpyrroles (pyrrole based 
tetraazacrown ethers) have also been noticed for their anion binding properties and 
molecular recognition of anionic guests73,67.
It is well known that the sensitivity and selectivity obtained for a given neutral carrier 
depend significantly on the membrane composition and the properties of solvent mediator 
employed as well as the PVC/plasticizer ratio used. The PVC-membrane solutions were 
prepared by mixing of the ionophore (CP(I), 29 and 30), plasticizer [2-nitrophynel octyl 
ether (o-NPOE)] and PVC, both in the presence and the absence of a lipophilic additive 
[tridodecylmethylammonium chloride (TDDMA)].74 The composition of membranes 
based on receptors CP(I), 29 and 30 is represented in Table 1.6. Control electrodes, 
containing just TDDMA, were also prepared using an analogous approach.
Table 1.6 Composition of membranes based on receptors CP(I), 29 , 30 and TDDMA.
Composition, wt %
Membrane Activecomponent
Active
component
Cationic
additive Plasticizer PVC
A CP(I), 29, 30 1.0 66.0 33.0
B CP(I), 29, 30 1.0 0.2 65.9 32.9
Control
experiment TDDMA 0.2 66.5 33.3
The reference electrode was a calomel electrode [Hg/Hg2Cl2, KC1 (saturated)]. The 
influence of pH on the sensitivity and linear range of the membrane was investigated, 
where the pH was adjusted with sodium hydroxide and sulphuric acid solutions.
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In acidic media (pH 3.5-5.5), PVC derived ion selective electrodes containing CP(I) 
displayed strong anionic responses toward bromide, chloride and dihydrogen phosphate 
anions and to a lesser extent fluoride anion. Such behaviour is thought to reflect the high 
hydration energy of the fluoride anion75. Thus at low pH values, the membrane-supported 
ISE based on 29 shows a strong response in the presence of fluoride, H2PO4', and a slight 
interference of either C1‘ or Br'. These observations are rationalized in terms of 
protonation effects involving the pyridine-containing receptors (29 and 30) from which 
the ISEs are derived.
However, at pH 9 the calixpyrrole containing ISEs displayed cationic response (positive 
slopes for chloride and bromide anions). This is explained by the interaction of the 
polymer membrane with the hydroxide anion forming a negatively charged complex 
which in turn would attract various cations into the membrane with the resulting 
partitioning leading to the observation of a positive potential response. The disappearance 
of cationic responses seen in many cases upon the addition of TDDMA supports the idea 
of the existence of a cation exchange process within the membrane phase.
At such alkaline medium, the ISEs derived from CP(I) deviates from the Hofmeister 
selectivity series. In particular, a selectivity order of Br' < Cl' < OH' ~ F' < H 2 PO 4 '  is 
observed. As a consequence, the potentiometric selectivity of ISEs based on CP(I) is PH 
dependent.
Both the pyrrolic groups and the pyridine nitrogen atoms is expected to govern the 
selectivity in ISEs based on receptors 29 and 30. At pH 9, where the pyridine nitrogen
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atoms are not expected to be protonated, the selectivity pattern for such systems is fully 
reversed compared to that for ISEs derived from CP(I). A weak potentiometric response 
toward chloride, phosphate, and bromide anions is seen for ISEs based on 29 and 30 at 
pH 5.5.
The influence of additives was also studied for the sensitivity and linear range of the 
membrane by using TDDMA. While the membrane with ionophore 29 shows a Nemstian 
behaviour for the detection of the fluoride ion at pH 3.5, its sensitivity was diminished 
when TDDMA was used as an additive. In fact, in a more generalized sense, the anion 
selectivity patterns observed for all three receptors were found to be reduced in the 
presence of TDDMA.
The use of ferrocene (31-33) 76,77 as an electrochemically active ‘reporter group’ has been 
used to produce redox-active sensors for cations, anions, and neutral species.78 The 
interest in anion complexation and detection has led to the development of a variety of 
fluorescent and colorimetric anion sensor systems based upon calix[4]pyrrole, an easy to 
make the tetrapyrrolic macrocycle capable of forming hydrogen bonded complexes with
70a variety of halides and oxo-anions.
Receptors 31 and 33 follow the sequence:
F > C r > H 2P 04‘
The broadness of the pyrrole -NH and -CH signals during the course of the titration of 32 
with the fluoride anion does not make the calculation of the stability constant of anionic 
complexes possible.
.NH
HNNH
'Me
Me
32
Chapter One Introduction
It is clear that significant electrochemical effects are caused by the addition of certain 
anions. Among the halide anions, binding of the fluoride anion with 31 induces the 
largest shift in the ferrocene/ferrocenium couple (-76 mV), followed by chloride (-36 
mV) and bromide (-12 mV). Cathodic shifts of 14 and 207 mV were observed for the 
ferrocene/ferrocenium couple of 33 upon the addition of fluoride and chloride anions 
respectively. On the basis of the above discussion, it can be concluded that receptors 31- 
33 function as electrochemical sensors for anions and that 31 which has the largest 
stability constant with the fluoride anion [in acetonitrile-d3/DMSO-d6 9:1 (v/v)] can 
discriminate between halide anions.
Table 1.7 Stability constants for 31-33 with anions (tetra-n-butylammonium counter-ion) 
in acetonitrile-d3/DMSO-d6 9:1 (v/v) at 298 K.
log Ks log Ksa log Ksa
Anion 31 32 33
Fluoride 3.53 3.17
Chloride 3.50 2.68
Bromide
Dihydrogen
1.70
phosphate
2.48 1.60 1.60
a Stability constants for anion binding recorded in dichloromethane-d2.
1.7.2. Calixpyrrole-Based Fluorescent Anion Sensors
The selective detection of anion species by photo-active molecules is a challenging area 
of Supramolecular Chemistry that has attracted increasing interest in the last few years. 
Sessler and co-workers79 have found that, calix[4]pyrroles are effective anion binding 
agents in solution and in the solid state. An anthracene derivative was used as the 
fluorescent signalling device in the first generation sensors (34-36) with
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octamethylcalix[4]pyrrole, C P® , as the anion recognition element80. The fluorescence of 
receptors 34, 35 and 36 was shown to be quenched significantly in the presence of 
anionic guests. The most efficient quenching was observed after the addition of the 
fluoride anion. Quenching was also observed to a lesser extent upon the addition of other 
anions to receptors 34,35 and 36.
34 35 36
The synthesis of three second generation calixpyrrole-based fluorescent anion sensors 
(26-28) was also reported by Sessler Group64. These systems bind anions with a greater 
affinity than the first generation sensors while displaying a more efficient fluorescent 
response.
HNNH
The anion binding studies81 revealed that all 
sensors 37-40 display augmented affinity 
toward anions as compared to the parent 
CP®- These sensors show an intensive colour 
that changes in the presence of anions such as 
fluoride, acetate and to a lesser extent, 
phosphate. The dramatic change observed in 
the colour of the solutions of sensors 38-40 
before and after the addition of anion salts 
(fluoride, acetate, and to lesser extent dihydrogen phosphate) led to the suggestion that 
strong binding occurs. Weak or no changes in the colors were observed upon the addition 
of chloride, bromide or nitrate. The order of anion affinities of sensors in the disubstituted 
indane series is 38 > 39 > 40. The increasing anion affinity of these sensors is due to the
37- X= H2 , Y= C(CN)2
38- X= Y= O
39- X= 0 2 , Y= C(CN)2
40- X= Y= C(CN)2
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presence of electron-withdrawing dicyanomethylidene moieties on the indane ring (Table 
1.4).
The new class of covalently linked calix[4]pyrrole-anthraquinone compounds (41-43) 
proved to be a powerful naked eye sensors for fluoride, chloride and dihydrogen
•  • O ')phosphate in dichloromethane. Being electron deficient, anthraquinone as a 
chromophore, could serve as a “sink” for the charge transfer process involving bound 
anion guests and would be an optically sensitive indicator for anions.
HNNH
Ar: 41
42
43
The maximum absorption of calixpyrrole compounds (41 and 42) (5 x 10'5 mol dm'3) in 
dichloromethane was red-shifted upon the addition of F*’ Cl' and H2PO4' anions (Table 
1.8). The addition of 6 equivalents of the fluoride anion salt into a solution containing 
receptor 41 caused the peak at 467 nm to decrease while a new one appears at 518 nm. 
Also the most dramatic and pronounced colour change was observed upon the addition of 
the fluoride anion salt into a dichloromethane solution containing compound 42. No 
significant colour change was observed upon the addition of bromide, iodide or nitrate 
anions into any of these receptors.
Control studies were carried using an unsubstituted anthraquinone calixpyrrole 
compound (43). The addition of an excess amount of the fluoride anion salt into a 
solution of 43 in dichloromethane did not produce any change in the position or intensity 
of the wavelength of maximum absorption at 327 nm.
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Table 1.8 Wavelengths of maximum absorption in dichloromethane solutions containing 
various receptors (41, 42 and 43) at concentration of 5 x 10'5 mol dm*3 prior and after the 
addition of anion salts (tetra-n-butyl ammonium as counter ion)82.
Wavelenght of Absorption (nm)
(^max)
41 42 43
No anion 357, 467 526 327
F 518 613 327
cr 501 567 327
H 2 P 0 4' 497 549 327
1.8. Calixpyrrole Based Materials
Unlike calixarenes83 and porphyrins84, only few polymers containing calixpyrrole are 
reported in literature. The resins were obtained by: (i) immobilization of calixpyrrole on a 
cross-linked polymeric matrix or silica gel85’86, (ii) condensation of calixpyrrole with 
formaldehyde to form an insoluble polymeric materia40’l86’87, and (iii) radical co­
polymerization of the calixpyrrole-monomer with methyl methacrylate and
o £  0*7
divinylbenzene that led to a cross-linked insoluble chelating resin ’ .
Silica gel supports containing amidocalix[4]pyrrole groups (Gel M and Gel B) have been 
reported by Sessler et al 85 for use in HPLC for anion separation. Several anions 
including fluoride were retained by these materials.
Gel.M
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In fact Kal^dkowski et al 86,87 anchored meso-tetramethyltetrakis(p-hydroxylphenyl)- 
calix[4]pyrrole, CP(V), to the vinylbenzyl chloride (VBC) / divinyl benzene (DVB) co­
polymer via the OH moieties (Scheme 1.7). Preliminary investigations carried out on the 
anion extraction properties of these materials (Resin A) appear to indicate that while the 
modified co-polymer is able to remove 44 % of fluoride, the percentage of the fluoride 
anion extracted by the condensation resin was 88 % from solutions of fluorides (10'3 mol 
d m ' ) in acetonitrile. Quite clearly these results demonstrate the higher degree of 
efficiency of the latter resins relative to that of the modified co-polymer. These 
percentages of extraction are likely to be substantially reduced if water instead of 
acetonitrile was the source of fluoride. This is due to the competitive effect between the 
former solvent and the resin for the anion. There is still a great deal of research required 
to establish the relevant parameters (temperature, ionic strength, maximum loading 
capacity of the material, interfering ions) for optimising the extraction process. However 
the use of these materials as decontaminating agents for the removal of fluoride from 
water seems to be promising88.
c h 2
OH
HNNH
OHHO
(Resin A)
Scheme 1.7. Immobilization of calix[4]pyrrole on VBC/DVB copolymer.
Another calixpyrrole resin (Resin B) was prepared by the same Group87 by 
immibilization of the calix[4]thiophene[2]pyrrole on a vinylbenzylchloride / divinyl- 
benzene copolymer (VBC / DVB). The metal ion (KT4 mol dm'3) uptake studies were
A
carried out in 0.1 mol dm' acetic buffer solution. All cations investigated [Hg(II), Ag(I),
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Pt(II), Pt(IV) and Pd(II)] except Au(III) show typical Langmuir-shaped isotherms. The 
maximum uptake (mmol/g) of cations is reported in Table 1.9. The data demonstrated the 
strong affinity of Resin B toward cations of the noble metals (Au, Ag, Pt, Pd) over other 
metal cations where minor uptake was observed for Cd(II), Pb(II) and T1(I). This may be 
attributed to the mismatch between the size of the macrocycle and these cations. Divalent 
(cadmium and lead) and monovalent (thallium) metal ions are relatively larger (ionic
« .9 0radii 95, 119, and 150 pm respectively) than the best-coordinated metal cations (e.g 
Pt(IV), 62.5 pm), though such dependence does not apply to the Ag(I) cation (115 pm). It 
may be that the HSAB principles take precedence over the size divergence in this case. It 
appears that the macrocycle generally prefers relatively soft cations but with smaller 
radii.
NHNH
Resin B
Table 1.9 Maximum uptake of metal cations by Resin B from aqueous media (pH 3.7) at 
295 k.
Cation Maximum cation uptake (mmol/g)
Hg(H) 0.073
Ag(I) 0.260
Pt(II) 0.553
Pt(IV) 0.597
Pd(II) 0.614
Au(III) ca 1.7
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For selectivity studies, samples of resin B containing 0.01 mol dm'3 of ligand were 
shaken with 10 ml of 5 x 10'3 mol dm'3 solutions containing metal cations in acetic- 
acetate buffer solution (pH 3.7) at 295 K. The uptake studies revealed a considerable 
preference of chelating resin for gold over other precious metals in binary mixtures 
(Table 1.10). The uptake of gold was driven by the reduction of Au(III) to Au(0) and it is 
the metallic gold that deposits on the surface of the chelating resin.
Table 1.10 Selectivity of Resin B for noble metal cations in binary mixtures at 295 K.
Binary mixture Selectivity Coefficient Sa
Au(III)/Ag(I) 130
Au(III)/Pd(II) 53.9
Au(III)/Pt(IV) 26.0
Pd(II)/Pt(IV) 2.4
a Selectivity coefficient is a quotient of distribution coefficients
Danil de Namor and coworkers40 prepared the 
calixpyrrole polymer, resin 2 , by the 
condensation of CP(VIII) with formaldehyde in 
basic medium. The data in Table 1.11 show that 
this polymer has the potential to extract 
dihydrogen arsenate from water. The percentage 
of extraction of this anion increases with an 
increase of the amount of the polymer used until 
saturation is reached when using 0.150 g of the 
polymeric material. The optimum quantities to 
be used for the extraction of dihydrogen 
arsenate in the concentration studied (1.10 x 1 O'4 
mol.dm'3) was found to be 0.100 -  0.125 g of 
the polymer. Resin 2
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These prelimanry results led to the investigations of the uptake capacity of resin 2 for 
arsenate anion and the effect of the solution pH on the percentage of extraction of this 
anion by this material from aqueous media. The findings of these studies are to be 
discussed in Chapter IV.
Table 1.11 Experimental data for the extraction of dihydrogen arsenate from aqueous 
solution using resin 2 at 298.15 K40
Weight of 
polymer (g)
[ H 2 A S O 4  ]  initial
(mol.dm'3)
[HjAsCVJpinal 
(mol.dm )
[H2A s04‘
]  Extracted
(mol.dm'3)
% Extraction
0.025 1.10 x 10-4 6.18 x 10'5 4.82 x 10'5 44
0.050 1.10 x 10-4 5.02 x 10'5 5.98 x 10'5 54
0.085 ' 1.10 x 10'4 3.21 x 10'5 7.79 x 10'5 71
0.100 1.10 x 10-4 2.24 x 10'5 8.76 x 10'5 80
0.125 "1.10 x lO -4 7.02x1 O'6 1.03 x lO '4 94
0.200 l . lOx 10-4 7.12 x lO '6 1.03 x 1C4 94
0.250 1.10 x 1C4 7.10 x lO -6 1.03 x 10-4 94
1.9. Hetero-Calix[4]pyrroles
The most common structural variation of calix[4]pyrroles is the attachment of the same 
substituents at meso positions. In this case, the synthesis can be easily achieved by 
condensing appropriate ketones with pyrrole in the presence of an acid catalyst. On the 
other hand, the incorporation of other heterocyclic units (thiophene or furan) is difficult 
to obtain by the simple pyrrole-ketone condensation approach. These systems (44-45)90 
differ from other functionalised systems in the sense that the incorporated heterocyclic
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rings can act as cationic sites. However these ligands have not been tried yet for their 
ability to interact with metal cations.
NH'-NH•NH NH-
44 45
The synthesis of expanded hybrid calixpyrrole (46) containing bithiophene and pyrrole 
rings was reported by Lee et al91. This macrocycle is expected to accommodate larger 
ionic and/or neutral guests based on its multiple binding functionalities and 
conformational flexibility.
.c h .h , c .
.CH.
HNNH
CH
H,C CH.
46
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Aims and Objectives
Calix[4]pyrrole derivatives have proved to be able to discriminate between anions in non-
*51 5 7  *50 /Z1___ ___
aqueous media ’ ’ ’ . Thermodynamics of interaction of these ligands with anions and 
the medium effect on these complexation processes were first explored by Danil de 
Namor and coworkers in 2003. However a lot of work has to be done in the field of 
designing new calixpyrrole derivatives and exploring their interactions with anions in 
different media. On the other hand, a very little or no work has been reported on the 
development of new synthetic routes to calixpyrrole cation receptors. Likewise, the 
synthesis of calixpyrrole polymers and the attachment of calixpyrrole ligands onto silica 
support are still challenging tasks.
This thesis aims at the preparation of new calix[4]pyrrole receptors to selectively interact 
with anions and/or metal cations in solution. The focus is also set on the polymerization 
of these ligands and the application of the obtained calixpyrrole resins for the extraction 
of polluted ions from aqueous media.
In pursuing the main goal, the following tasks have been distinguished:
I- Synthesis of calix[4]pyrrole ligands:
Calix[4]pyrrole receptors, CP(I)-CP(VIII), will be prepared for different purposes.
i) Calix[4]pyrrole, CP(I), will be synthesized in order to investigate its 
interaction with anions in dimethylsulfoxide solution and thus compare the 
outcome of this study with previous data reported by Danil de Namor and M. 
Shehab31.
ii) The main objective of preparing thiophene containing calixpyrroles, CP(II)- 
CP(IV), is to explore the influence of reducing the number of pyrrole rings in 
the backbone of CP(I) and therefore the affinity of these ligands toward 
anions. The presence of thiophene ring(s) with sulfur donor atom(s) aims to 
alter the selectivity of calixpyrroles toward anions and induce their interaction
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with metal cations.Thus the presence of only two sulfur donor atoms in an 
alternate position in CP(III) may play a crucial role in its selective interaction 
of this receptor with metal cations. On the other hand, the synthesis of CP(IV) 
aims to study the contribution (if any) of the NH groups to the interaction of 
CP(III) with metal cations in non-aqueous solvents. Therefore, by comparing 
the affinity of CP(III) for metal cations in the presence of the NH group to that 
of CP(IV) with N-methyl substituents it is possible to gain information about 
the role of NH groups in the complexation process.
iii) Another objective is to follow a different route to design new calixpyrrole 
derivatives and to investigate the effect of the sulfur containing pendent arms 
on the complexation process of these macrocycles with metal cations. Thus 
attempts will be made to introduce 4-[2-(ethylthio)ethoxy] phenyl groups and 
thiophene rings at the meso-position between the pyrrole rings of CP(I) for the 
production of CP(VI) and CP(VII) respectively.
II- Exploring the interaction of calixpyrrole derivatives with anions and metal
cations in non-aqueous solutions:
i) To establish the selectivity of calixpyrrole derivatives towards a variety of
anionic and cationic guests as well as to determine the binding sites of these 
macrocycles in several organic solvents using *H NMR techniques.
ii) To determine the composition of these complexes using conductometry in the
same solvents at 298.15 K.
iii) To quantitatively evaluate the strength of the complexes formed as well as the
enthalpic and entropic contributions using titration calorimetry.
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iv) To carry out a detailed study on the solution thermodynamics of the reactants 
and the product by determining their standard enthalpies of solution in the 
appropriate solvents using solution calorimetry. Another objective of this study 
was to continue the work that has been started by Danil de Namor and M. 
Shehab40 in this field.
v) To assess the medium effect on the complexation process by taking into 
consideration the transfer thermodynamics of the reactants and the product 
involved in this process.
Ill- Preparation and uses of calixpyrrole polymers and silica based materials
i) The synthesis of new calixpyrrole chelating resins and silica based materials (Si 
and S2) will be performed to explore the ability of these materials to take up 
polluted metal cations and anions from aqueous solutions.
ii) The optimal conditions (optimum amount of the extracting material, contact 
time, temperature and solution pH) for the maximum uptake of polluted ions by 
these materials from aqueous media will be finally investigated.
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2. Experimental Section
2.1. Chemicals
Thiophene, 2-acetylthiophene (98 %), pyrrole (98 %), methanesulfonic acid (99.5+ %), n- 
butyllithium, 3-hydroxyacetophenone (99 %), 4-hydroxyacetophenone (99 %), 2-chloro- 
ethyl ethyl sulfide (98 %), boron trifluoride etherate, potassium carbonate (K2CO3), 
sodium hydrogen carbonate (NaHCC>3), (3-aminopropyl)-trimethoxysilan (97 %) and 18- 
crown-6 (18-C-6) were all purchased from Aldrich and used as received.
Lithium (I) perchlorate (99 %, Aldrich), sodium (I) perchlorate monohydrate (98 %, 
Aldrich), potassium (I) perchlorate (99 %, Aldrich), rubidium (I) perchlorate (99 %, 
Aldrich), cesium (I) perchlorate (98 %, Aldrich), magnesium (II) perchlorate hexahydrate 
(99 %, Aldrich), calcium (II) perchlorate tetrahydrate (99 %, Aldrich), strontium (II) 
perchlorate hydrate (Aldrich), barium (II) perchlorate trihydrate (99 %, Aldrich), silver 
(I) perchlorate (99.9 %, Aldrich), lead (II) perchlorate trihydrate (98 %, Aldrich), 
cadmium (II) perchlorate hydrate (Aldrich), copper (II) perchlorate hexahydrate (98 %, 
Aldrich), Zinc (II) perchlorate hexahydrate (98 %, Aldrich), nickel (II) perchlorate 
hexahydrate (Aldrich), and mercury (II) perchlorate hydrate (98 %, Aldrich) were dried 
over P4O10 under vacuum for several days before use. The absence of a signal from.the 
residual water in the NMR spectra of calixpyrrole ligands with the cations in 
acetonitrile (CD3CN) and dimethylsulfoxide (d6-DMSO) provided indication that the 
salts used were anhydrous. Nitrates of metal cations (Hg(II), Pb(II), Co(II), Cd(II)) were 
all purchased from Aldrich Chemical Company .
Tetra-n-butylammonium fluoride trihydrate (99 %, Fluka), tetra-n-butylammonium 
chloride (99 %, Fluka), tetra-n-butylammonium bromide (99 %, Aldrich), tetra-n- 
butylammonium iodide (99 %, Aldrich), tetra-n-butylammonium dihydrogen phosphate 
(99 %, Aldrich), tetra-n-butylammonium hydrogen sulfate (99 %, Aldrich), tetra-n- 
butylammonium nitrate (99 %, Aldrich), and tetra-n-butylammonium perchlorate (99 %, 
Aldrich) were dried over P4O10 under vacuum for several days before use. Potassium 
dihyhdrogen arsenate was purchased from Acros Organics.
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Silica gel (0.2-0.5 mm and 0.06 mm) were heated at 400°C for 12 h and then kept in the 
desiccator over P4O10 to maintain their dryness.
Methanol, hexane, ethanol and acetone (HPLC grade, Fisher) were used without further 
purification. Acetonitrile (Aldrich) and dimethyl sulfoxide (Aldrich) were first refluxed
N,N-Dimethylformamide (HLPC grade, Aldrich) was first refluxed with anhydrous 
magnesium sulphate for several hours and then distilled and collected over 4A molecular
THF, (HPLC grade, Fisher) was stored over a sodium wire for 24 hours. Then it was
The deuterated solvents, acetonitrile (CD3CN), chloroform (CDCI3), dimethylsulfoxide 
(d6-DMSO), methanol (CD3OD), acetone (d6-acetone) and tetramethylsilane (TMS) were 
all purchased from Aldrich.
2.2. Preparation of Calix[4]pyrrole and its Derivatives
2.2.1. Synthesis of CaIix[4]pyrrole, CP(I)
The synthesis of calix[4]pyrrole was first reported by Baeyer26 in 1986. Then the 
preparation of CP(I) was achieved by the modified procedure reported by Danil de 
Namor and Shehab31,40 (Scheme 2.1).
in a nitrogen atmosphere with calcium hydride for several hours and then distilled92.
sieves (which has been dried in an oven at 300°C for several hours)92.Tetrahydrofuran,
distilled under nitrogen over a sodium wire and using benzophenone as indicator92.
HCI / room Temp
NH HN
Pyrrole
N
H
Acetone
CH3
Calix[4]pyrrole
Scheme 2.1. Synthetic procedure used for the preparation of CP(I).
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A solution of pyrrole (1.0 g, 14.9 mmol) and absolute ethanol was placed in a 250 ml 
round bottom flask equipped with a magnetic stirrer. The flask and its contents were 
placed in an ice-bath. To the stirred solution an aqueous hydrochloric acid solution (lml, 
37 %) was added dropwise followed by acetone (0.87 g, 14.9 mmol). Stirring was 
stopped after the formation of the solid. The mixture was standing at room temperature 
for 1 hr. The product was washed with cold water (50 ml) and then filtered and washed 
with ethanol. It was then recrystallised by slow evaporation from acetone (yield 81 %). 
The crystals were dried under vacuum at 90°C over calcium chloride.
'H NMR, (CD3CN), S(ppm): 7.40 (s broad, 4H, NH), 5.80 (d, 8H, pyrrole-H), 1.48 (s, 
24H, CH3).
2.2.2. Synthesis of Calix[3]thieno[l]pyrrole, CP (II)
The synthesis of hybrid calixpyrroles was carried out as shown in Scheme 2.2. The 
treatment of thiophene with n-butyllithium followed by the addition of acetone afforded 
the corresponding 2,5-bis[a-hydroxy-a,a-dimethyl)- methyl]thiophene(A)93 .Compound 
A was treated with an excess of pyrrole in the presence of boron trifluoride etherate to 
afford 2,5-bis[(a-pyrryl-a,a-dimethyl)methyl]thiophene (B)94. A solution of B (lg, 3.35 
mmol), pyrrole (0.2 ml, 3 mmol), and acetone (6mmol) in acetonitrile (150 ml) was 
stirred at 0°C under a nitrogen atmosphere. Boron trifluoride etherate (40 pi, 0.32 mmol) 
was added and stirred at 0°C for 30 min. The pale yellow precipitate of CP(II) was 
filtered off and recrystallised from acetone (yield 65 %).
s
Thiophene
n-BuLi /Hexane 
reflux
Acetone OH OH
(A)
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CH C H,
h , c - - C H ,
Excess Pyrrole
OH OH
.CH
C H 3
NH HN
(B)
NH HN
Acetone/Pyrrole / 
0°C
HNNH
CH3
Calix[3]thieno[ 1 ]pyrrole
Scheme 2.2. Synthetic procedure used for the preparation of CP(II).
'H  NMR, (CD3CN), 8 (ppm): 7.84 (s broad,1H, NH), 7.41 (s broad, 2H, NH), 6.65 (s, 
2H, thiophene-H), 5.84-5.85 (d, 2H, pyrrole-H), 5.76-5.77 (d, 4H, pyrrole-H), 1.55 (s, 
12H, CH3), 1.50 (s,12H, CH3).
Microanalysis carried out for C28H35N3S: Calculated %: C, 75.46; H, 7.92; N, 9.43; found 
%: C, 75.62; H, 8.01; N, 9.63.
FAB MS calculated for C28H35N3S, 446; found, 445.664 (M+).
2.2.3. Synthesis of Calix[2]thieno[2] pyrrole, CP(III)
Calix[2]thieno[2]pyrrole CP(III) was prepared by the reported procedure93 (Scheme 2.3). 
*HNMR, (CD3GN), 8 (ppm): 7,70 .(s broad, 2H, NH), 6.68 (s, 4H, thiophene-H), 5.79 (d, 
4H, pyrrole-H), 1.56 (s, 24H, CHj).
Microanalysis carried out for C28H34N2S2: Calculated %: C, 72.68; H, 7.41; N, 6.05; 
found %: C, 72.51; H, 7.41; N, 6.18.
48
Chapter Two Experimental Section
(A)/ CH3CN 
0°C
(B) Calix[2]thieno [2]pyrrole
Scheme 2.3. Synthetic procedure used for the preparation of CP(III).
2.2.4. Synthesis of Nj,N-dimethylcaIix[2]thieno[2]pyrrole, CP (IV)
A THF (50 ml) suspension of calix[2]thieno[2]pyrrole, CP(II), (lmmol) and sodium 
hydride (4 mmol) was stirred under a nitrogen atmosphere at 50°C for 1 h, and then 
cooled to room temperature.Then 18-crown-6 (4 mmol) was added and the mixture was 
stirred for 30 min. CH3I (2 mmol) was then added and the resulting solution was stirred 
for 4 hr at room temperature. Finally, it was poured into an aqueous solution saturated 
with NH4CI, and extracted with ether. The extract was washed with saturated NaHC03 
and water, dried over anhydrous MgSC>4 and evaporated to dryness.
NaH/ CH3I / 18-C-6
THF/ 50°C
*►
Calix[2]thieno [2]pyrrole N,N-dimethylCalix[2]thieno[2]pyrrole
Scheme 2.4. Synthetic procedure used for the preparation of CP(IV).
NMR, (CDCI3), 8 (ppm): 6.65 (s, 4H, thiophene-H), 5.99 (s, 4H, pyrrole-H), 2.88 (s, 
6H, N-CH3), 1.63 (s, 24H, CH3).
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2.2.5. Synthesis of meso-tetramethyI-tetrakis-(4-hydroxyphenyI)caIix[4]pyrroIe, 
CP(V)
CP(V) was prepared by a reported procedure95'96. Thus to a solution of pyrrole (5g, 75 
mmol) in methanol, methanesulfonic acid (1 ml) was added and the mixture stirred for 30 
min. Then 4-hydroxyacetophenone (11 g, 80 mmol) was dissolved in methanol (75 ml) 
and added dropwise to the mixture in the reaction vessel. The reaction mixture was 
monitored by TLC using dichloromethane: methanol (9.5:0.5) as the developing solvent 
system and was left to stir overnight. It was then stopped by pouring the reaction mixture 
slowly into another beaker containing 200 ml of water and stirred by means of a magnetic 
stirrer. The orange precipitate obtained was filtered and collected and was then dissolved 
in diethyl ether (400 ml). The clear solution was then separated from the black tar 
obtained by gravitational filtration. The solvent was removed by rotary evaporation to 
obtain orange coloured oil, which was then recrystallised from hot acetic acid and left to 
cool down. Dark green crystals precipitated containing the a a a a  isomer of the 
calixpyrrole derivative CP(V) complexed with acetic acid. Further recrystallization with 
an acetonitrile:acetone mixture was required to eliminate the complexed acid. White 
crystals were dried in vacuum at 90 C. *H NMR (d6-acetone, 300 MHZ, 298 K, ppm): 
8.75 (s broad, 4H, NH); 8.22 (s, 4H, OH); 6.78 (d, 8H, ArH); 6.66 (d, 8H, ArH); 5.96 (d, 
8H, pyrrole-H); 1.81 (s, 12H, CH3).
H3(X /O
+
A
Methanol
Pyrrole
OH
4-hydroxyacetophenone
CH.
OH
Meso-tetramethyl-tetrakis-(4-
hydroxyphenyl)calix[4]pyrrole
Scheme 2.5. Synthetic procedure used for the preparation of CP(V).
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2.2.6. Synthesis of meso-tetramethyl-tetrakis {4-[2-(ethylthio)ethoxy]phenyl} 
calix[4]pyrrole, CP (VI)
A mixture of meso-tetramethyl-tetrakis-(4-hydroxyphenyl)calix[4]pyrrole, CP(V), (1.5g, 
2.02 mmol ), K2 CO 3 (2.24 g) and 18-crown-6 (0.3 g) in MeCN (150ml) was refluxed for 
2 h. Then 2-chloroethyl ethyl sulfide (1.9 ml) was added gradually over a period of 5 min 
and the mixture was refluxed for 12 h. The reaction was monitored by TLC using a 
dichloromethane: hexane: methanol (8 : 1.4: 0.6) mixture as the developing solvent 
system. After cooling, the solvent was removed under reduced pressure. The solid 
afforded was dissolved in dichloromethane, extracted with a saturated solution of sodium 
bicarbonate and then with distilled water. The organic phase was separated and dried with 
magnesium sulfate, then filtered. The dichloromethane was removed by rotary 
evaporation and the oily product obtained was recrystallised from methanol (60 %).
CH;
OH
CICH2CH2SCH2CH3
Meso-tetramethyl-tetrakis-(4-
hydroxyphenyl)calix[4]pyrrole
CH
S
Meso-tetramethyl-tetrakis { 4- [2- 
(ethylthio)ethoxyjphenyl} calix[4]pyrrole
Scheme 2.6. Synthetic procedure used for the preparation of CP(VI).
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Microanalysis carried out for C64H76N4O4S4: Calculated %: C, 70.29; H, 7.00; N, 5.12;
12H, CH3-CH2-S ). FAB-MS: m/z: 1093.577 [M+], found: 1093.500.
2.2.7. Synthesis of meso-tetramethyI-tetrakis-(thiophene)calix[4]pyrrole, CP (VII)
To a stirred mixture of methanol (50 ml), pyrrole (2 ml, 0.028 mol) and 2- 
acetylthiophene (3 ml, 0.28 mol) was added methanesulfonic acid (1 ml) at room 
temperature under a nitrogen atmosphere. It was stirred for 4 hr. The precipitate obtained 
was filtered and washed with methanol. It was dissolved in acetone and re-precipitated by 
the addition of hexane. The white product obtained was collected, washed with hexane 
and dried under vacuum over phosphorous pentaoxide. Microanalysis carried out for 
C40H36N4S4: Calculated %: C, 68.53; H, 5.18; N, 7.99; found %: C, 68.53; H, 5.18; N,
8.04. NMR, (CD3CN), 5 (ppm): 8.28 (s broad, 4H, NH), 7.13 (s broad, 4H, thiophene- 
H), 6.76 (s broad, 4H, thiophene-H), 6.58 (s broad, 4H, thiophene-H), 5.64 (s, 8H, 
pyrrole-H), 1.47 (s, 12H, CH3).
found %: C, 70.02; H, 6.80; N, 4.98. *H NMR, (CD3OD) (298 K), 6 (ppm): 9.06 (s broad, 
4H, NH), 6.88 (d, 8H, ArH), 6.67 (d, 8H, ArH), 5.75 (d, 8H, pyrrole-H), 4.11 (t, 8H, 
CH2-Ar), 2.85 (t, 8H, CH2-S), 2.62 (q, 8H, CH2-S ), 1.87 (s, 12H, CH3-bridge), 1.25 (t,
H
CH3S03H/Me0H 
acetylthiophene
>►
Pyrrole meso-tetramethyl-tetrakis-
(thiophene)calix[4]pyrrole
Scheme 2.7. Synthetic procedure used for the preparation of CP(VII).
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2.3. Preparation of Calix[4]pyrrole polymers
The procedure used by Danil de Namor and M. Shehab40 for the preparation of 
calixpyrrole polymers was also applied in the polymerization of CP(VII).
2.3.1. Polymerization of meso-tetramethyl-tetrakis-(thiophene)calix[4]pyrrole, 
Resin 1
Resin 1 was obtained by the condensation of calix[4]pyrrole derivative, CP(VII), with 
formaldehyde in the presence of H2SO4 (Scheme 2.8). Calixpyrrole, CP(VII), (0.5 g, 0.7 
mmol), and 65 ml of 37% formaldehyde (2.14 mmol) were dissolved in acetonitrile (50 
ml). Sulfuric acid (0.5 ml) was then gradually added to the mixture. The polymerization 
was completed after 90 min yielding a solid, insoluble chelating resin which was 
collected, filtered-off, washed with acetonitrile, then water and finally with acetonitrile. 
The sample was dried and its molecular mass was determined. The molecular weight of 
the calixpyrrole derivative, CP(VII), was found to be 701.005 g/mol. From the mass 
spectrum of this material, the residual peak is observed at 1401.7 indicating the formation 
of a dimer.
H CH 0/H 2S04
NH
N ^
HN
NH
HN
Resin 1
Scheme 2.8 Synthetic procedure used for the preparation of Resin 1.
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2.3.2. Polymerization of Meso-tetramethyl-tetrakis-(3-hydroxyphenyl)calix[4]- 
pyrrole, Resin 2
The synthesis of resin 2 was reported by and Danil de Namor and Shehab40.The base 
catalyzed phenol-formaldehyde procedure was used in the preparation of the calixpyrrole 
polymeric material with a formaldehyde to phenol ratio (each CP(VIII)-crar/?/? has four 
phenol groups) greater than one (usually 1.5 ~ 2.0). Thus CP(VIII) (5 g, 6.75 mmol) was 
placed in a 250 ml round-bottom flask filled with THF (100 ml). Formaldehyde (37 wt. 
% in methanol) (4 ml, 40 mmol ) and tetra-n-butylammonium hydroxide (15 % in 
methanol) were then added together. The reaction mixture was left to stir for 10 -  15 
minutes. This resulted in the precipitation of a white solid which was the polymer 
(Scheme 2.9).
The material obtained was insoluble in water as well as in non-aqueous solvents and was 
characterised using mass spectroscopy. The molecular weight of the CP(VIII)-aapp  was 
found to be 740.8 g/mol. From the mass spectrum of this material, the residual peaks 
observed between 1600 - 1800 indicating the formation of a dimer while the peaks found 
between 2600 -  2800 indicated the formation of a molecule which is at least three times 
the molecular weight of the monomer.
HO OH
HNNH
■OHHO,
HCHO/Bu.NOH CH-
HO' ‘OH“CH-
HNNH
OHOH
CH-
HO
Resin 2
Scheme 2.9 Synthetic procedure used for the preparation of Resin 2
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2.4. Synthesis of a Silica-based material
2.4.1. Synthesis of 3-aminopropyltrimethoxysilylated Silica, I
In a typical immobilization, dried silica (60 pm) (10 g) was dispersed in anhydrous 
toluene (200 ml). To this slurry, (3-aminopropyl)-trimethoxysilan (6 g) was added. The 
resulting mixture was refluxed for 6 h and then cooled down. The final product was 
filtered, washed with toluene and methanol, dried in vacuum at 120°C for another 12 h 
and kept in a desiccator for further use. Microanalysis carried out for I: found %: C, 4.68; 
H, 1.32; N, 1.53.
OH
— Si—-O-----Si— O----- S\—O—  3-aminopropyltrimethoxysilan
I 1 I -----------------------------------
Toluene
Silica Surface
Scheme 2.10 Synthetic procedure used for the preparation of 3-aminopropyltri-methoxy 
silylated silica, I
2.4.2. Synthesis of a Silica-based material, Si
A mixture of I (7g ), K2CO3 (3 g) and 18-crown-6 (0.5 g) in dichloromethane (200 
ml) was refluxed for 2 h and then 2-chloroethyl ethyl sulfide (5 ml) was added 
gradually over a period of 5 min. The reaction mixture was refluxed for 12 h, left to 
cool, filtered off, and washed with a number of solvents according to the following 
order: dichloromethane, methanol, NaHC03 aqueous solution, methanol and 
dichloromethane. It was then dried in vacuum at 120°C for 12 h. Microanalysis 
carried out for Si: found %: C, 5.86; H, 1.38; N, 1.48.
o
/  I /
— Si O Si Q------- Si— Q---
3 -aminopropyltrimethoxy- 
silylated silica
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Scheme 2.11 Synthetic procedure used for the preparation of Sj
2.4.3. Synthesis of a Silica-based material, S2
The same procedure applied on I for the preparation of Si was used for the synthesis of 
S2 by using silica size (0.2-0.5 mm). Microanalysis carried out for S2: found %: C, 7.84; 
H, 1.81; N, 2.12.
2.5. 1H NMR Measurements
*H NMR measurements were recorded at 298 K on:
i) A Brucker AC-300E pulsed Fourier transform NMR spectrometer. Typical operating 
conditions for routine proton measurements involved “pulse” or flip angle of 30°, spectral 
frequency (SF) of 300.135 MHz, delay time of 1.60 s, acquisition time (AQ) of 1.819 s, 
and- line broadening o f 0.55 Hz. Solutions of calixpyrrole and its derivatives in 
appropriate deuterated solvent (1-5 x 10'3 mol.dm'3) were placed in 5 mm NMR tubes 
using TMS as the internal reference to measure the spectra of the ligands. Then additions 
of metal salt solutions in the same solvent (1-2 x 10*3 mol.dm*3) were made to obtain the 
!H NMR spectrum of metal complexes. Analysis of the interaction sites of the receptors 
and the intensity of their chemical shift changes upon complexation were carried out.
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ii) A Bruker DRX-500 pulse Fourier Transform NMR Spectrometer. The operating 
conditions involved pulse or flip angle of 30 , spectra width (SW) of 15 ppm, spectral 
frequency (SF) of 500.150 MHz, delay time of 0.3 s, acquisition time (AQ) of 3.17 s, and 
line broadening of 0.3 Hz. Solutions of the samples of interest (1-5 x 10'3 mol.dm*3) were 
prepared in the appropriate deuterated solvent. These were placed in 5 mm NMR tubes 
using TMS (tetramethylsilane) as the internal reference.
2.6. Partition Experiments
For the partition experiments carried out to investigate the speciation of the ligand in the 
solvents, the procedure used was that reported in the literature97. Thus the solvents, 
hexane and acetonitrile, were mutually saturated before use to avoid volume changes 
when mixed. For the partition experiments, solutions containing different concentrations 
of calixpyrrole ligands (1 .x 10*5 - 1 x 10‘3 mol dm*3) were prepared in acetonitrile 
saturated with hexane. Equal volumes of these solutions (10 cm3) and hexane (saturated 
with acetonitrile) were placed in separate tubes and shaken for 1 hr. Then, these were left 
in a thermostat bath at 298.15 K for 12 hr to ensure that equilibrium was achieved. 
Samples of both phases were taken and the equilibrium concentrations of these ligands in 
these solvents were determined by UV-Visible absorption spectrophotometry. Blank 
experiments in the absence of these receptors were carried out in all cases.
2.7. Solubility Measurements
The solubility of a substance is dependent on the forces holding the crystal together (the 
lattice energy) and the solvation acting on these forces. In solution, the substance is 
surrounded by the solvent molecules by a process called solvation. This is shown in the 
following thermodynamic cycle (eqn 2 .1)
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MX(g)
MX(sol.)
(eqn. 2 .1)
In eqn. 2.1, AP° represents the change in enthalpy, AH°, Gibbs free energy, AG° or 
entropy, AS°.
The equilibrium involved in the solubility of a substance is between the solid (sol.) and 
its saturated solution (s):
L (sol)  ----- -► L(s) (eqn. 2.2)
The equilibrium constant for this process is shown in eqn. 2.3, and the larger it is the 
greater the solubility. Tthe equilibrium constant is related to the standard solution Gibbs 
energy change AG° by
ASG° = -RT In s (eqn. 2.3)
In eqn 2.3, s is the solubility on the molar scale referred to the standard state of lmol dm'
, R = 8.31 J mol' 1 K' 1 and T is the temperature in Kelvin, The more negative ASG° is, the 
more soluble the compound will be since the larger s will be.
The solubility of calixpyrrole ligands in several organic solvents at 298.15 K, were 
determined as described by Danil de Namor98,99 by preparing saturated solutions of these 
ligands in the appropriate solvents. The mixtures were left in a thermostat at 298.15 K for 
three days until equilibrium was reached. Then known volumes of the saturated solutions 
were taken and placed in previously weighed crucibles. The solvent was carefully 
evaporated. The crucibles with the solid residues were dried until constant weight. All 
analyses were performed in triplicate. Blank experiments were carried out to ensure the 
absence of any non volatile material in the pure solvent. The possibility of solvate
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formation of ligands with each of the solvents was checked by exposing the solid to a 
saturated atmosphere of the solvent for several days100.
The determination of the solubility for the ligands in different solvents has crucial 
importance for the following reasons:
i- It gives a good idea about the choice of the solvent for complexation studies 
concerning these ligands and their interaction with ionic species.
ii- Solubility data are used to calculate the standard Gibbs energy changes in 
solution, ASG° and the Gibbs energy of transfer, AtG°, from a reference solvent, sj5 
to another solvent, S2. The standard Gibbs energy of transfer, AtG°, reveals the 
extent of solvation of a solute in one solvent relative to another and hence helps in 
the interpretation of the medium effect on the complexation process due to the 
host, its guest and the resulting complex in the solvents of interest.
2.8. Conductometric Studies
2.8.1. Theory
Electrical conduction is a property of ionic solutions. From a macroscopic point of view, 
ionic conduction of solutions is similar to electron or hole conduction through solid 
objects. In the latter cases, electrons are moving without ion cores, while in the former, 
charges are moving as ions. Although water itself is a very poor conductor of electricity, 
the presence of ionic species in solution increases the conductance considerably. The 
conductance of such electrolytic solutions depends on (i) the concentration of the ions (ii) 
the nature of the ions present (through their charges and mobilities), and (iii) the 
conductance behaviour as a function of concentration is different for strong and weak 
electrolytes. If the charge dQ is transferred during time dt, the current (eqn. 2.4)
I = dQ/dt (eqn. 2.4)
is passing through the sample. Electrolyte solutions obey Ohm's law just as metallic 
conductors do. The current, /, passing through a given body of solution is proportional to 
the applied potential difference V. The resistance R of the body of solution in ohms (Q) is 
given by:
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R = V/I (eqn. 2.5)
In eqn. 2.5, the potential difference is expressed in volts and the current in amperes. The 
conductance, defined as the reciprocal of the resistance, of a homogeneous body of 
uniform cross-section is proportional to the cross-sectional area A and inversely 
proportional to the length /, of the conductor as shown in the Fig. 2.1.
Fig. 2.1 Schematic presentation of the conductance of a homogeneous body.
S = \ /R  = kA/1 (eqn. 2.6)
In eqn. 2.6, a:  is the conductivity with units Q^m’1:
k  = l/AR (eqn. 2.7)
(By international agreement, the reciprocal ohm, Q '1, is now called a Siemen, IS = 1 £X
*). The conductivity can be considered as the conductance of a cube of material, 1 m on 
each edge. Since it is difficult to build a cell with well defined geometrical parameters A 
and /, any cell should be calibrated with a solution of exactly known conductivity. From 
eqn. 2.8 the cell constant 0 can be determined:
0 =l/A (eqn. 2.8)
The cell constant, 0, with units cm’- , can also be determined by measuring the resistance 
of a cell filled with a solution of known conductivity, which is invariably KC1 (usually 
0.1 mol/dm3). Potassium chloride is the accepted standard electrolyte in electrochemistry
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for which accurately determined values of k  at different concentrations and temperature 
in aqueous solution are available. Once the cell constant, 0, has been determined, the 
conductivity of any solution can be calculated from its measured resistance using eqn.
2.9. The essential circuit is shown in Fig. 2.2.
k ~ H A R  = 91R (eqn. 2.9).
The variable condenser connected in parallel with the variable resistance, R3, serves to 
balance the capacity effects of the conductance cell. Adjustment of C and R3 are made 
until the detector indicates zero voltage difference between the opposite junctions of the 
network.
In this condition of bridge balance, the resistance Rc may be found from the expression 
R1/R2 = R3/R0
Fig. 2.2 A.C. bridge circuit for conductivity determinations. A. Conductivity cell. B. 
Oscillator (~ 1000 Hz). C. Capacitance (variable) to balance capacitance as well as resistance 
of conductance cell. D. Detector.
The molar conductance can be computed from the conductivity, k ,; and the concentration, 
c, of the solute, which is usually stated in mol d m ', by means of the formula
Am= 1000K/c (eqn. 2.10)
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2.8.2. Measurements of Conductivity
The equipment used consists of two components, the Wayne-Kerr Autobalance Universal 
Bridge type B642101 and the conductivity cell.
The Wayne-Kerr was connected to a platinum glass bodied electrode housed in a 
cylindrical glass vessel maintained at 298.15K by a thermostat bath where the reaction 
takes place. During the conductance measurements, capacitance and conductance are 
displayed in four decades on two meters. Small signal lamps mounted between the 
decade control knobs, where the control knobs are selected automatically by operation of 
the range switch, indicate decimal points. The sensitivity of the instrument can be 
manually adjusted by setting the meter sensitivity to one of the three manual positions. 
The accuracy of the instrument is determined by its internal source detector and was 
found to be 0.1 % for all the decades in use. A plot of molar conductance against the 
ligand-metal ion concentration ratio was used to determine the stoichiometry of the 
complex.
2.8.3. Determination of the Cell Constant
The conductivity cell constant, 0, was determined using the method described by Jones 
and Bradshaw102.
The cell containing deionised water (20 cm ) was kept in a thermostated bath at 298.15 K 
for one hour. The solution of KC1 (0.1 mol dm'3) was added in steps (-10 additions) and 
the conductivity readings were taken after each addition. The corresponding molar
i mconductances, Am, were calculated from the equation of Lind, Zwolenik and Fuoss .
Am= 149.93 -  94.65 cI/2+ 58.74c log c + 198.4 c (eqn. 2 .11)
Using eqn. 2.12, the cell constant was determined.
(eqn. 2.12)
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2.8.4. Conductometric Titrations in Organic Media at 298.15 K
Conductometric titrations were performed to determine the strength (semi-quantitatively) 
and the stoichiometry of complexation of calix[4]pyrrole derivatives with metal cations 
and anions in different solvents at 298.15 K. Fresh solutions of the metal-ion salt or the 
anion salt and the ligand were prepared for each experimental run. The titration reaction 
was carried out in a conductance cell filled with the solution of the metal cation or anion 
salt of interest (25 cm3). After allowing the cell to attain thermal equilibrium, the ligand 
was added to the vessel in a stepwise titration, using a hypodermic syringe. Conductivity 
readings were recorded after each addition and molar conductance calculated from eqn. 
2 . 11.
2.9. Titration Calorimetry
Calorimetric titrations were carried out by the use of the Tronac 450 
(Macrocalorimeter)104. Calorimetry is a technique where one reactant is titrated into 
another and the temperature of the system is measured as a function of the titrant added. 
This technique has been developed by Izatt and co-workers104 in the 70's for the 
simultaneous determination of the stability constant (hence Gibbs energy) and enthalpy 
values for the complexation process involving metal cations and macrocyclic ligands. 
The main components of the titration apparatus are indicated in the diagram shown in 
Fig. 2.3. The titrant is introduced from the burette B into the reaction vessel, A. The 
resulting temperature change of the reaction is sensed by the temperature sensor, T, and 
converted to a corresponding voltage in a Wheatstone bridge circuit C. This voltage is 
amplified in the amplifying circuit D and recorded on a strip-chart recorder E. The 
temperatures of the reaction vessel A and the burette B are measured by the sensor, S, 
and are controlled by the temperature controller, G. The temperature of the titrant and 
titrand must be equal or their difference known very precisely.
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Temperature 
controller (G)
Burette (B)
Wheatstone bridge 
circuit (C) Strip-chart 
recorder (E)
Reaction 
vessel (A)
Amplifying 
circuit (D)
Fig. 2.3 Main components of a titration apparatus104
The thermogram (Fig. 2.4) is a plot of the heat versus the number of moles of titrant 
added during a titration. The range of applicability of titration calorimetry is within 
certain limits. The technique can be used for the simultaneous determination of the 
stability constant (log Ks) and enthalpy (AH) values provided that the complexation 
process does not reach 100 %. The thermogram is related to the Ks value, when AH is 
assumed to be constant. The stability constant of the complex should be between 2 and 6 
log units to be determined accurately by titration calorimetry.
2.9.1. Thermograms
Figure 2.4 shows a temperature-time curve for a calorimetric experiment where heat is 
evolved, i.e. an exothermic reaction or an electrical calibration experiment. Temperature­
time readings must start when the calorimetric system has reached thermal equilibrium. A 
complete thermogram (Fig. 2.4) consists of four regions:
i) A, a pre-reaction region (initial or lead period) where no titrant is added and where the 
titrant temperature is nearly invariant with time.
ii) B, a reaction period in which the change of the temperature of the titrant with time is 
largely the result of one or more reactions occurring in the calorimeter.
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iii) C, a post-reaction region in which the titrant temperature changes slightly with time 
due to the continued addition of the titrant.
iv) D, the final or trial period where no titrant is added and the temperature again is 
nearly invariant with time. During the linear parts of the curve, A-B and C-D, only small 
and constant heat effects are generated in the calorimeter such as the heat of stirring and 
the heat effect from the resistance thermometer.
Temperature
(°C)
Time (s)
Fig. 2.4 A typical thermogram curve for an exothermic reaction.
2.9.2. Calibration of the Equipment
2.9.2.I. Burette Calibration
In a titration calorimetry, the titrant is added at a constant rate over the period of the run. 
Therefore, it is necessary to use a constant rate burette and to know the volume, which is 
added in a certain period of time. The burette is calibrated by weighing the amounts of 
distilled water delivered over several measured time intervals. The burette delivery rate 
(BDR) in ml s"1, is calculated from:
w
BDR = -----------------------------  (eqn. 2.13)
<J. t
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In eqn. 2.13, w = weight of water in grams
<j = density of water at 298.15 K 
t = time in seconds during the delivery time.
2.9.2.2. Chemical Calibration Experiment
The enthalpy of protonation of THAM [Tris(hydroxymethyl) aminomethane] in an 
aqueous solution of hydrochloric acid (0.1 mol dm'3), suggested as the standard 
thermochemical reaction105, was used to check the accuracy and reproducibility of the 
equipment.
An aqueous THAM solution (0.25 mol.dm'3) placed in the burette was titrated into the 
vessel containing an aqueous solution of HC1 (0.1 mol.dm'3; 50 cm3).
H2NC(CH2OH)3{aq) + H30 +(ag) -> H3N +C(CH2OH)3{aq) + H20 {aq) (eqn. 2.14)
The enthalpy of protonation for this reaction is well established105.
The total heat of reaction, qr, was corrected for the heat due to the hydrolysis of THAM 
in water, qh, and the heat of dilution of THAM, qd. The heat of protonation is thus,
(eqn. 2.15)
The hydrolysis reaction of THAM in aqueous solution may be represented by:
THAM + H20  HTHAM+ + OH" AhH° (eqn. 2.16)
In eqn. 2.16, the hydrolysis constant, Kh, is given by:
J H T K ( 2.17)
[THAM]
The reported value expressed as log Kh is —5.929.106 
The molar concentration of OH" was calculated from:
[OH"] = (Kh x [THAM] ) 1/2 (eqn. 2.18)
and the heat associated with the hydrolysis of THAM in water was calculated from
qh = [OH-] x V x AhH° ( eqn. 2.19)
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In eqn. 2.19, V (dm ) is the volume added in each step and AhH° is the standard enthalpy 
of formation of water (-51.63 kJ mol'1) at 298.15 K.105 
Therefore, the enthalpy of protonation, APH, is expressed as;
ApH ~ ~ ~  (eqn. 2.20)
In eqn. 2.20, n is the number of moles of THAM added in each step.
2.9.2.3. Electrical Calibration Experiment
The determination of the enthalpy change using calorimetry is always comparative. The 
heat effect observed during the reaction experiment is compared with that observed when 
a known amount of heat is evolved in the same calorimetric system. This comparison 
experiments is called the ‘calibration experiment’.
Usually it is not possible to get the input in the calibration experiment equal to the heat 
involved in the reaction experiment. A proportionally factor, the ‘calibration constant’,s 
defined as the heat capacity of the calorimetric system (J K"1) can be used instead104.
q = s x d (eqn. 2.21)
In eqn 2.21, q is the amount of heat produced, d is the corrected temperature change and 
it is measured in mm as the chart unit.
During the calibration run, the electrical heat was introduced for a precisely measured 
interval time t, and the potential difference across the standard and the heater resistances, 
V i and V2 respectively, were measured.
The s value was calculated from the experimental data using eqn. 2.22
V l x V 2 X t  /s = —-----  —  (eqn. 2.22)
R x d
In eqn. 2.22, R = 100.02 Q, is the calorimetric internal resistance.
Thus, the molar enthalpy change for the process was calculated using equation 2.23:
AH = — (eqn. 2.23)
n
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In eqn. 2.23, n is the number of moles of titrant added in each step.
In order to obtain the highest accuracy, an electrical calibration experiment was 
performed after each reaction run.
2.9.2.4. Calculation of Temperature Change, d.
In the isoperibolic calorimeter, temperature changes occur between the reaction vessel 
and its surroundings during the experiment and heat exchange takes place. To correct for 
these effects, the Dickinson’s method can be applied107 . In an electrical calibration 
experiment, the heat evolution is linear with time, and the extrapolation is carried out 
using the time at which half the temperature raises, 0.5 x AT.
During a chemical reaction, the rate of heat evolution is exponential with time. Therefore, 
the mean temperature of the main reaction will occur at the time when 63 % of the heat is 
evolved. If the pre and post-reaction periods of the calorimetric plot are extrapolated to 
this time, the corrected temperature change will be obtained (d = 0.63 AT).
2.9.3. Titration Experimental Procedure used in Calorimetry
For calorimetric determinations of thermodynamic parameters of complexation of 
calixp[4]yrrole ligands and ionic species in non-aqueous solutions using the Tronac 450, 
this was operated as an isoperibol titration calorimeter.104 It is equipped with a burette 
connected by a silicon tube to a 50 cm3 reaction vessel. A solution of perchlorate (or 
tetrabutyl ammonium) salt of selected metal ions (or anions) was prepared in the solvent 
of interest and placed in the burette. The reaction vessel was filled with 50 cm of the 
ligand solution and the whole system was then immersed in a thermostated water bath at 
298.15 K and allowed to reach thermal equilibrium. Then the metal-ion salt solution in 
the burette was titrated into the vessel containing the receptor solution prepared in the 
same solvent. Furthermore, the titration was carried out in recorded time intervals. A 
chart recorder was used to monitor the reaction taking place in the vessel by displaying 
the temperature change on the chart using mm as the chart unit. Corrections for the heat 
of dilution were also made by titrating the solution in the burette into the vessel with the
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solvent of interest. An electrical calibration was carried out before and after each 
experiment.
In eqn. 2.25, a and y denotes the activity and the activity coefficient, respectively. For the 
calculation of stability constant, it is assumed that y±M** -  Y±mu+ an(* Yl ~ 1 (at l°w
reactants and product. Therefore units are cancelled.
The data of stability constant is used to calculate the Gibbs energy change (AG°) by 
means of the equation:
In eqn. 2.26, R = 8.314 JK^mol’1 and T is the temperature in Kelvin. Equation 2.26 
relates the free energy change under standard conditions to the activity ratio at 
equilibrium.
2.9.4. Solution Calorimetry
2.9.4.I. Calibration of the Solution Calorimeter
The standard enthalpy of solution, ASH°, of THAM in an aqueous solution of HC1 was 
determined in order to check the reliability of the solution calorimeter.
The stability of a metal ion complex in solution is concerned with an equilibrium that for 
a 1:1 complexation reaction can be represented by eqn. 2.24
—
(eqn. 2.24)
The thermodynamic stability constant, Ks , may be expressed as follows:
a u - - a L [ M
(eqn. 2.25)
concentration of the ligand). Data are reported to the standard state of 1 mol dm'3 for
AG° = -RTln Ks (eqn. 2.26)
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For this purpose, THAM was grounded and dried at 120 °C overnight. Then a glass 
ampoule was filled with THAM (0.0062 g) and was broken in the thermostated reaction 
vessel that contained HC1 (50 cm3, 0.1 mol dm'3) after thermal equilibrium was attained. 
The heat recorded was calculated as described in section 2.8.2.3. The heat of breaking of 
empty ampoules was investigated in 0.1 mol dm'3 HC1 solution and was found to be 
negligible.
2.9.4.2. Determination of the Enthalpy of Solution
The Tronac 450 calorimeter was used for the determination of the enthalpy of solution of 
calix[4]pyrrole derivatives. The empty glass ampoule was filled with an accurate amount 
of the compound under investigation. It was then sealed with a silicon rubber tube. The 
ampoule was immersed and broken in the solvent of interest. The total heat was recorded 
as mentioned before.
The total heat recorded was the sum of the heat of the solution and the heat of breaking of 
the empty ampoule in the appropriate solvent. It was corrected by the heat ampoule 
breaking in the same solvent and the heat change was recorded.
The heat of solution was calculated using the following equation:
Q r== Qs T Qa (eqn. 2.27)
In eqn. 2.27, Qr is the heat of the reaction 
Qs is the heat of the solution, and
Qa is the heat of breaking of the empty glass ampoule in the solvent.
2.10. The Thermal Activity Monitor (TAM) Microcalorimeter
The Thermal Activity Monitor (TAM) (Fig. 2.5 (A)) is a calorimetric system designed to 
monitor a wide range of chemical reactions. It is a four channel heat conduction 
microcalorimeter which was designed by Suurkuusk and Wadso 108. TAM is designed to 
.work in the microwatt range which means that temperature differences lower than 10'6 K 
can be detected109. The TAM 2277 can hold up to four calorimetric units (Fig. 2.5(B))
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“channels” surrounded by a water bath and they can be operated independently under 
isothermal conditions. The major advantages of this system are the baseline stability and 
the high sensitivity over long periods of time.
Console for
electronic modules
Control pane!
igftal display
H olesfor  
additional 
calorimetric 
units
Calorimetric 
unit
■Water bath
W ater bath 
circulating 
pump
W ater bath 
temperature 
control unit
(A) (B)
Fig. 2.5 (A) Thermal Activity Monitor (TAM 2277); (B) Calorimetric unit.
Pictures reproduced from LKB TAM 2277 user’s manual.
Thermal stability of the instrument is achieved by using a water sink (25 dm3) which 
surrounded the reaction vessels, maintained at a constant temperature. The temperature 
working range of the experiment is 5 -  80 °C within ± 0.0002°C.
amsys
intermediate 
heat sink
The TAM 2277 consists mainly of a large water sink that can hold up to 25 dm of water 
which is maintained at the working temperature of 298 K by means of a temperature 
control unit. The water sink provides a thermostated environment for the twin 
calorimetric unit (Fig. 2.5 (B)) which consists of two holders for insertion vessels or 
‘ampoule holders’. Each ampoule holder ‘sample vessel’ is surrounded by two 
thermopiles ‘semiconducting Peltier elements’ which form the thermal bridges to the heat 
sinks.
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Fig. 2.6 The titration perfusion cell.
One of the sample vessels acts as the reaction vessel where the perfusion cell (Fig. 2.6) is 
inserted. The other sample vessel acts as a reference vessel, and is also surrounded by 
two thermopiles which are placed in opposition to that in the reaction vessel (Fig. 2.5
(B)).
The highly sensitive thermopiles surrounding the reaction vessel conduct the heat 
evolved or absorbed by the cell into the heat sink where the heat detectors convert the 
heat energy into a voltage signal proportional to the heat flow. The voltage from the 
thermopiles is proportional to the difference in temperature between the reaction vessel 
and the heat sink.
The perfusion cell is introduced to its working position stepwise using the three indicated 
equilibrium positions. The type of vessel used in this work is a 3 cm3 stirred, stainless 
steel titration vessel. The titrant was introduced incrementally into the cell by a gas tight 
Hamilton syringe positioned horizontally in a computer-operated drive unit. The 1 m long 
stainless steel hypodermic needle which was permanently fixed to the syringe reaches the
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calorimetric cell. Efficient stirring was maintained by using a turbine stirrer 110 to ensure 
effective flow of the liquid inside the vessel.
2.10.1. Calibration of the TAM
2.10.1.1. Calibration of the Hamilton Gas Tight Syringe
The 500 pi Hamilton gas tight syringe, which was used in all the measurements, was 
calibrated by accurately weighing the distilled water incrementally injected by this 
syringe. For this purpose, 0.012 g of distilled water was injected from the syringe through 
a stainless steel needle into a sealed vial which was weighed before and after each 
injection on a five decimal place electronic balance. The volume of each injection was 
found to be 12.01 ± 0.04 pi.
2.10.1.2. Electrical Calibration Experiments
The electrical calibration of the TAM 2277 was performed to ensure that the heat 
generated by the internal calibration heater that is installed at the bottom of the ampoule 
holder (see Fig. 2.5(B)) is equal to that measured by the instrument. The measurement 
system of the Thermal Activity Monitor was calibrated after the change in experimental 
conditions and after any power-off condition. Electrical calibration should be performed 
occasionally to avoid any drift from the detection range of the instrument, irrespective of 
the type of application the TAM is aimed for.
During a static calibration, the base-line is adjusted (if necessary) by the amplifier zero 
control until the DVM reads zero. A known amount of heat is then generated by precision 
calibration heater resistors. These are built into the bottom of the measuring cup of the 
calorimeter for a certain period of time until a steady state is reached (Fig. 2.7). Then the 
signal is corrected for the exact amount of heat applied by the fine gain control.
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Fig. 2.7 Typical thermogram of a single run (300 jaW) electrical calibration experiment in 
acetonitrile at 298.15 K.
2.10.1.3. Chemical Calibration Experiments
To check the accuracy of the microcalorimeter the standard reaction suggested by 
Briggner and Wadso111 was carried out. The standard reaction used is a ligand-binding 
reaction which involves the complexation of 18 crown 6 (18-C-6) and the barium cation 
(Ba2+) in water at 298.15 K (eqn 2.28).
1 8 - C -  6(H20)  + Ba1+ (.H20 ) -» Ba2+ (l8 -  C -  6 \ H 20)  (eqn. 2.28)
The vessel (3 cm3 capacity) was charged with an aqueous solution of 18-C-6 (2.8 cm3, 4 
x 10'4 mol dm’3) and titrated incrementally from a calibrated Hamilton gas-tight syringe
3 3
with an aqueous solution of BaCk (9 x 10' mol dm’ ). The heat produced was recorded 
(Fig. 2.8). Finally, separate dilution experiments of the salt were performed by adding the 
barium salt solution to water at 298.15 K and measuring the heat evolved. Consequently,
^  I
the heat of Ba -  (18-C-6) complexation in water was corrected for this value. The results 
obtained (log Ks = 3.79 ± 0.03, ACH° = -32.12 ± 0.08 kJ. mol*1) were in good agreement 
with those previously reported by Briggner and Wadso111.
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Fig. 2.8 Thermogram for the TAM calorimetric titration of 18-C-6 with Ba2+ in water at 
298.15 K.
2.10.2. Titration Experiments
2.10.2.1. Calculation of the Stability Constant (expressed as log Ks) and Enthalpy of 
Complexation from Calorimetric Data
Thermodynamic parameters of complexation of calix[4]pyrrole and is derivatives, and 
the metal cations and anions in non-aqueous solvents (log Ks and ACH°) at 298.15 K were 
determined by titration microcalorimetry using the 2277 Thermal Activity Monitor and/or 
Tronac 450. The vessel was filled with a solution (2.8 cm3) of the ligand in the 
appropriate solvent (concentrations used were dependent on the solubility of the ligand), 
and a solution of metal cation or anion salt in the same solvent (concentrations used were 
about ten times higher than that of the ligand) was injected from a 0.5 cm3 gas-tight 
Hamilton syringe (25 injections; 0.012 cm3 for each run), attached to a computer­
operated syringe drive, at twenty five minutes intervals. Blank experiments were carried 
out in all cases. The experiments were repeated at least twice for each solvent and the 
average value is reported.
Therefore the thermodynamic parameters for the 1:1 complexation process are referred to 
the process given in eqn. 2.29.
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CP(s) + X~(s) -+CPX-(s ) (eqn. 2.29)
After each titration, the following equations had to be considered to calculate log Ks and 
enthalpy of complexation, ACH.
[CP]T = [CP] + [CPX~] (eqn. 2.30)
[X~]T = [X~] + [CPX~\ (eqn. 2.31)
In eqns. 2.30 and 2.31, [X‘], [CP], and [CPX‘] are the molar concentrations of the free 
anion, the ligand and complex in solution respectively, while, [X‘] t  and [CP]t are the 
total molar concentration of the anion and the ligand respectively. Assuming that the 
activity coefficients of these solutions are close to unity, Ks can be expressed in terms of 
molar concentrations (eqn. 2.32).
_ [CPAT] = _____________ m   (eqn. 2.32)
[X~][CP] ([CP]T ~[CPX~])x([X~]T ~[CPX~])
In calorimetric experiments with the Tronac 450, a computer program written in BASIC 
was employed for the simultaneous calculation of log Ks and ACH values. For calorimetric 
experiments carried out with the TAM, the computer program Digitam 4.1 for Windows 
(from Thermometric AB and Scitech Software AB, Sweden) was used. This program 
utilises sophisticated non-linear minimisation algorithms112,113.
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2.10.2.2. Simultaneous Calculation of log Ks and ACH Values of Complexation from 
Calorimetric Titration Data.
The 1:1 (Lisand:Anion) Case
In the case of incremental formation of the ligand:anion complex, CPX, (CP = ligand, X* 
= anion), the total heat of the reaction is given by the following equation.
Q = ~ y f i[CPX-},AcHi (eqn. 2.33)
1=1
In this equation, V is the volume of the resulting solution after each addition and AcHi is 
the enthalpy of complexation.
If the values of Ks, given in eqn. 2.32, are known in each titration step, then the values of 
[CPX]i can be calculated by the combination of eqns 2.30, 2.31 and 2.33. The AcHj 
values can then be obtained by a linear least square method114. This method minimizes 
the sum of squared differences, U, between the experimental and the calculated values of
a
u X i & x p - Q c a l f  (eqn. 2.34)
m
The determination of the stability constant, Ks, involves an iterative process in which new 
sets of Ks are calculated with subsequent evaluation of the error function, U, until optimal 
values for Ks and AcHj are obtained so that U is minimal.
Rearrangement of eqn. 2.32 after the incorporation of eqn. 2.30 gives the following 
quadratic equation in terms of [CPX].
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[CP]T+[X-]T+-jr  J±^|
\ 2
[CP]r + [ X >  +
K
- 4  [CP]T[X~]T
[CPX~] = - -------------------------- ■ '>-----   SX---------------------- (eqn. 2.35)
Solving eqn. 2.35, the negative solution guarantees to satisfy the crucial constraints 
[CPX~] > 0 and [CP]T > [CPX~] is given by
[CPX~) =
[CP]t HX~1t + K,
1 \2
[CP]T + [Z -]r  + —  - 4  [CP]t [X~]T 
 ----- — -----------------------(eqn. 2.36)
The value of Q can then be calculated from eqn. 2.37
Qcal = - A cH  V pCPX~) (eqn. 2.37)
Substituting eqn. 2.37 into eqn. 2.34 results in
U = Z  Qe^ , - V Y t[CPX-]iA cHi 
m V i '= l
(eqn. 2.38)
The values of ACH  and Ks can be found using a linear square method so that eqn. 2.38 is 
minimised.
The 1:2 (Lisand:Anion) Case
The 1:2 (Ligand: Anion) case is described in the following processes (eqns 2.39 and 2.40)
CP(s) + X-(s) — CPX~(s) (eqn. 2.39)
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CPX~ (S) + X ~ ( S )  KS2 > CPX\~ ( s )  (eqn. 2.40)
Therefore the derivation of the stability constants for both equilibria leads to the 
following equations
Ks = ------------------------------- } CPf  ]-----------------------------— r- (eqn. 2.41)
[\CP]T -[C PX-}-[CPXl-] )[[X-]T -[CPX-]-2[CPXl-])
and
= ---------- 1 ^  (eqn. 2.42)
[CPX -]([X "]r  ~[CPX-]-2[CPXi~]j
Solving the above system of simultaneous equations, the following cubic equation of 
[CPX] is obtained,
a [CPX~f +b [ C P X - f + c  [CPX~] + d = 0 (eqn. 2.43)
where the coefficients a, b, c and d  are given in eqns 2.44 -  2.47
a = - X X  + 4 K , 2"1 2^ 2
(eqn. 2.44)
b = 2Kh KSi [CP]t -  Ks< + 4KS2 (eqn. 2.45)
c = KSi [CP]T + KSi [X -]T + Ks Kh  [ C P X - f  -  2KSi KSi [CP]T[X~\T +1 (eqn. 2.46)
d = ~KS{[CP}T[X~]T (eqn. 2.47)
One of the three solutions of the above cubic equation is guaranteed to satisfy the 
following boundary conditions.
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i) [C?X~]>0
ii) [CPX2~]>0
iii) [CPX~]+[CPXI~] < [CP]T
iv) [CPX~] + 2[CPX2~] < [X~]T
2 —The value for [CPX2 ] can then be calculated from eqn. 2.48
K  [CPX-}([X-}T -[CPX-}\
[CPX2 ~] = — -----------i ( e q n .  2.48)
2KSi[CPX~]+l
Therefore, Qcai becomes
e ra/ = -A c/Ti V [CPX~]-AcH2 V [CPXi~] (eqn. 2.49)
In a similar fashion to the 1:1 case, Ks and Ks values are estimated repeatedly and the
magnitude of the sum of squared errors U, given in eqn. 2.34, is calculated for each set of 
KSi and KSi values until a minimum U is reached and optimal values for Ks , KSi,
ACH\ and Ac/f 2 are obtained.
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2.11. The Removal of Anions (H2P 0 4' and H2A s04) and Metal Cations [Hg(II), 
Pb(II) and Cd(II)J from Aqueous Solutions
2.11.1. Instruments
1- UV-VIS Spectrophotometer (CECIL 8000) was used to analyze the concentrations 
(initial and equilibrium) of dihydrogen phosphate and dihydrogen arsenate anions in 
aqueous solution.
2- A Perkin-Elmer Model AAnalyst 400 Atomic Absorption Spectrometer coupled with 
auto-sampler and complexometric titrations were used to analyze the concentrations of 
metal cations in solution.
3- A combination glass electrode and pH 213 Microprocessor pH meter were used for pH 
measurements.
2.11.2. Analytical Determination of H2P 04" and H2A s04* in Aqueous Solution.
The method originally used for the analysis of phosphates115' 117, was applied for the 
analysis of the dihydrogen arsenate anion in water due to the similar properties of these 
anions. The principle of this analytical technique involves the formation of 
molybdophosphoric acid which is reduced to the intensely coloured complex, 
molybdenum blue (eqn. 2.49). The blue-coloured sample is then analysed 
spectrophotometrically at a wavelength of 650 nm.
7 H 3P 0 4 +12 (NH4)6Mo70 24 +51H + -> 1{NH4)3P 0 4.\2Mo0 3 +51N H +4 +36H20
(eqn. 2.49)
This analytical method is extremely sensitive and is reliable down to concentrations 
below 0.1 ppm and therefore this was the analytical method selected for the 
determination of dihydrogen phosphate in water.
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2.11.3. Preparation of the Reagents
(a) Ammonium molvbdate reagent: The solution was prepapred by dissolving 
ammonium molybdate (NH4)6Mo7024.4H20  (25 g) in distilled water (175 cm3). 
Cautiously, concentrated H2S04 (280 cm3) was added to distilled water (400 cm3). 
The acid solution was cooled down, the molybdate solution was added and the 
entire mixture was diluted to 1 liter.
(b) TinflDchloride reagent: Stannous chloride dehydrate, SnCl2.2H20  (2.5 g) was 
dissolved in glycerine (100 cm3). The mixture was gently heated to hasten 
dissolution.
In a 25 cm conical flask containing the analyte, ammonium molybdate solution (1.00 
cm3) was added and the flask was swirled to mix the components. Two drops of tin (II) 
chloride solution were added and mixed by swirling. When arsenate (or phosphate) was 
present, a blue color developed in approximately 5 minutes. The time period was very 
critical. All measurements were taken at the same time interval which is 3 to 5 minutes 
after adding the stannous chloride. This analysis was also carried out in the de-ionized 
water used in the preparation of the solutions to ensure the absence of phosphate or 
arsenate anions in the solvent.
2.11.4. The Calibration Curve
Calibration curves for the dihydrogen phosphate and dihydrogen arsenate anions were 
performed using solutions containing different concentrations of the anion prepared from 
the same stock solution. Appropriate volumes of the stock solution were diluted into eight 
to ten volumetric flasks (10 ml) in order to cover the 1.00 x 10'5 - 1.00 x 10'3 mol.dm"3 
concentration range in de-ionized water. The flasks were immersed in a thermostated 
bath at 298.15 K and left overnight to reach equilibrium. The calibration curves were 
constructed before each set of extraction experiments.
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2.11.5. Extraction Experiments
2.11.5.1. Optimum Mass
For these experiments, different quantities of the polymeric material were weighed and 
added to a set of ten test tubes containing 10 ml of the same concentration of HhAsO^or 
H2PO4" anions prepared in de-ionized water. The tubes were then shaken on a rotamixer 
for about 5 min to ensure homogenous mixing, sealed and then left overnight in a 
thermostated water bath at 298.15 K. After equilibration, the solutions were filtered 
through 0.45 pm membrane filter and filtrates were analyzed for arsenate and phosphate 
anions.
2.11.5.2. Uptake of Dihydrogen Phosphate and Arsenate Anions from Aqueous
Solutions by a Polymerized Calixpyrrole Material (Resins 2) at 298.15 K.
Batch retention experiments for establishing the uptake isotherms for evaluating the 
effect of the solution’s pH value on the extraction of dihydrogen phosphate and arsenate 
by calixpyrrolepolymers were conducted at 298 K.
Typically, a known amount (0.1 g) of the appropriate calixpyrrole polymer was 
equilibrated with 10 ml of dihydrogen phosphate (or arsenate anions) solutions at 298.15 
K. Anions salt solutions were adjusted to the desired pH value with suitable amounts of 
diluted HC1 and NaOH solutions. The uptake isotherms were studied by varying the 
concentrations of phosphate or arsenate anions (1.00 x 10'5 - 1.00 x 10'3 mol dm*3) at a 
fixed dose of the polymer and the effect of the solution pH on the uptake of these anions 
by calixpyrrole resins was observed in the 2 - 12 pH range. After the equilibration was 
reached, aliquots of the equilibrium solution were withdrawn with a syringe and filtered 
through 0.45 pm Millipore filters (Type HA) and analyzed for arsenate and phosphate 
anions.
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2.11.6. Analytical Determination of the Metal Cations in Aqueous Solutions
Stock solutions of mercury, lead and cadmium were prepared separately by dissolving 
exact amounts of Hg(NC>3)2, Pb(N03)2 and Cd(N03)2 (analytical grade) respectively in 
500 ml de-ionized water. The analysis of metal ions in the aqueous phase was performed 
by a Perkin-Elmer Model AAnalyst 400 Atomic Absorption Flame Spectrometer (AAS) 
and complexometric EDTA titrations. The instrument (AAS) was calibrated using 
appropriate standards of metal ions before the measurements.
2.11.7. Uptake Capacity of Calixpyrrole Polymer (Resin 1) for Metal Cations at 
298.15 K
The metal uptake capacities of calixpyrrole polymers and silica based materials were 
determined under static conditions by the batch equilibrium technique. A fixed dose of 
the solid phase (0.1 g) was added to 10 ml of metal cations solutions of different 
concentrations (1.00 x 10‘5 - 1.00 x 10'2 mol dm'3) and the mixtures were mechanically 
shaken for 5 min to attain equilibrium. Then the tubes were placed in a water bath and the 
temperature was maintained at 298.15 K. After the equilibration was reached, aliquots of 
metal solutions were withdrawn with a syringe and filtered through 0.45 pm Millipore 
filters (Type HA). Metal ions were then analyzed by complexometric EDTA titration 
using proper buffer solution (Hexamine) and indicator (Xylenol Orange) and /or atomic 
absorption spectrometry. The amount of metal ions retained was calculated from the 
difference in the concentration of the aqueous phase before and after equilibrium.
The kinetics of the extraction process, initial pH, initial concentration of metal ions and 
temperature were investigated by varying any one of the process parameters and keeping 
the other parameters constant.
The medium effect on the efficiency of the calixpyrrole polymer and the modified silica 
materials to retain the metal ion salt were investigated in the pH range 2-10 under static 
conditions. Metal ions solutions with concentrations of 10'3 mol dm'3 were used to study 
the pH effect on the metal ion removal by the materials.
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To investigate the temperature effects on the extraction ability of these materials, a fixed 
amount of the solid phase material was equilibrated with a volume (10 ml) of the metal 
ion solution (1 x 10'3 mol dm'3) at different temperatures (15, 20, 25 and 35°C). The 
phases were separated and the aqueous solutions were analyzed for metal ion 
concentrations.
The kinetics of metal ion uptake by calixpyrrole resins was determined under the same 
batch conditions, but at different periods (5, 10, 20, 40 60, 80,100,120 min) keeping the 
solution at the pH at which the highest metal-ion uptake by materials was observed.
2.11.8. Packing of Resin 1 in Micro-column for the Retention of Hg(II) Cations 
from Aqueous Solution and Recycling of the Material.
An amount of calixpyrrole polymer (0.6 g) was packed in a stainless steel micro-column 
(0.5 cmx 5 cm) with a porous frit. Then, the column was coupled to an air vacuum pump. 
Before running the samples, the column was washed with de-ionized water (100 ml). 
Then, the working solution containing Hg2+ (1000 cm3 of 1 x io*4 mol dm'3) was passed 
through the column at a flow rate of 1.5 ml min-1. The mercury concentration in the 
eluate was measured to calculate the percentage of mercury retained by the material. 
Recycling of the material was carried out sequentially by using an EDTA solution (0.1 
mol dm" ). The assay and analytical measurements were carried out by triplicate.
85
Chapter Three Results & Discussion
3. Results and Discussion
In this Chapter, results will be discussed in the following order.
i) *H NMR characterisation of calixpyrrole derivatives [CP(I), CP(II), CP(III), CP(IV), 
CP(V), CP(VI) and CP(VII)] in CD3CN, CD3OD, CDC13 and d6-DMSO.
ii) Solubility data and solution thermodynamics of calixpyrrole derivatives in various 
solvents.
iii) !H NMR measurements involving calixpyrrole derivatives and anions in CD3CN and 
d6-DMSO at 298 K.
iv) !H NMR measurements involving calixpyrrole derivatives and metal cations in 
CD3CN at 298 K.
v) Conductometric titrations of anion salts and metal cations with calixpyrrole 
derivatives in several non-aqueous solvents at 298.15 K.
vi) Thermodynamics of complexation of calixpyrrole derivatives with anions and metal 
cations in several non-aqueous solvents at 298.15 K.
vii) Thermodynamics of solution of calixpyrrole derivatives, anion salts and their 
complexes in various solvents at 298.15 K.
viii) Thermodynamics of transfer of reactants and product from one solvent (reference 
solvent) to another. The medium effect on anion complexation processes involving 
CP(II), CP(VI) and CP(VIII).
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3.1. !H NMR Data for the Characterization of Calix[4] pyrrole and its Derivatives 
in Different Solvents at 298 K
!H NMR studies on calix[4]pyrrole ligands have been carried out with the aim of:
i) Characterizing each ligand in deuterated solvents [e.g. chloroform (CDCI3), 
acetonitrile (CD3CN), and dimethyl sulfoxide (d6-DMSO)] at 298 K to gain 
information about the structural formulas of calixpyrrole ligands and 
investigating the presence of calixpyrrole-solvent interactions.
ii) Assessing the affinity of calixpyrrole receptors for anions and metal cations 
and establishing the sites of interaction of these ligands with these ions in a 
given solvent and temperature.
iii) Gaining information whenever possible about the composition of the complex 
formed between a given calixpyrrole derivative with an anion or a metal 
cation in solution.
*H NMR studies on the complexation of calixpyrrole receptors with ionic species were 
limited to deuterated acetonitrile and dimethyl sulfoxide where the ligands are soluble 
enough and furthermore the metal cation and the anion salts are predominantly in their 
ionic forms at low concentrations.
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3.1.1. *H NMR Data of CP (I) in Deuterated DMSO at 298 K
The characterisation of CP(I) in CD3CN, CDC13 and d6-DMSO was conducted by Danil 
de Namor and Shehab31,40. These studies show that the chemical shifts of the CP(I) 
protons slightly differ in CDCI3 and CD3CN (Table 3.1a). However in d6-DMSO, a 
significant downfield chemical shift (A5 = 2.22 ppm) is observed in proton (1) relative to 
the position of the same proton in CDCI3 and CD3CN. This is attributed to the interaction 
between d6-DMSO (protophilic dipolar aprotic solvent) and the NH functionalities of 
calix[4]pyrrole31’40.
Table 3.1a *H NMR chemical shifts (8, ppm) of CP(I) in different solvents (CDCI3, 
CD3CN and d6-DMSO) and the chemical shift changes (A8, ppm) with respect to 
CDCI3 at 298 Ka
CDC1
c h 3 8 (ppm) 8 (ppm) A8 (ppm) 8 (ppm) A8 (ppm)
7.05 7.40 2.220.35 9.27
-0.235.90 5.80 -0.10 5.67
-0.011.48 -0.03 1.501.51
a Refs. 31 and 40.
Deuterochloroform, CDCI3 is an excellent organic solvent and is only weakly associated
11 0
with most organic substrates . To investigate the interaction (if any) of CDCI3 with 
calixpyrrole ligand, a known volume (0.1 ml) of this solvent was added into an NMR 
tube containing calix[4]pyrrole in CD3CN. The insignificant chemical shift change (A8 = 
0.01 ppm) observed for the NH protons of CP(I) in CD3CN upon the addition of CDC13 
indicates that no interaction is taking place between this ligand and CDCI3 in deuterated
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acetonitrile (Table 3.1b). Therefore CDCI3 was used as a reference solvent in the !H 
NMR studies.
PPM
Fig. 3.1 !H NMR spectrum recorded for CP(I), in d6-DMSO at 298 K.
A minor chemical shift change (AS = -0.04 ppm) is observed for the NH protons of CP(I) 
in CDCl 3 upon the addition of CD3CN (0.1 ml). On the other hand, the p-protons of the 
pyrrole rings are shifted 0.12 ppm upfield relative to CDCI3. These results suggest that 
calix[4]pyrrole would differ in conformation in different solvents. However a marked 
deshielding effect (A8 = 1.40 ppm) is recorded for the NH protons of CP(I) upon the 
addition of d6-DMSO (0.1 ml) (Table 3.1b). This is indicative that d6-DMSO is likely to 
interact with the calix[4]pyrrole ligand by entering hydrogen bond formation through the 
NH protons of this ligand.
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Table 3.1b *H NMR chemical shifts (8, ppm) and chemical shift changes (A8, ppm) 
upon the addition of 0.1 ml of deuterated solvents to CP(I) relative to the free ligand 
in CDC13 and CD3CN at 298 K
- O j
H
1
;h 3
:h 3 4
CDC13 CDCI3 + CD3CN (0 . 1  ml)
CDCI3 + d6- 
DMSO (0.1 ml)
l ' " '
| CD3CN
i
CD3CN + CDCI3 
(0 . 1  ml)
8
(PPm)
8
(ppm)
AS
(ppm)
8
(ppm)
A8
(ppm)
i s
j
1 (ppm)
8
(ppm)
A8
(PPm)
Hnh (1) 7.05 7.01 -0.04 8.45 1.40
i
j 7.40 7.41 0 . 0 1
Hpyrrole (2 ) 5.90 5.78 -0 . 1 2 5.29 -0.61 | 5.80
i
5.80 0 . 0 0
H M e th y l ( 3 ) 1.51 1.43 -0.08 1.47 -0.04 1.48
i
1.48 0 . 0 0
CP(I) has proved to be able to discriminate between anions31’40 in acetonitrile, N,N- 
dimethylformamide and benzonitrile at 298 K. However no work has been reported for 
the interaction of CP(I) and anions in dimethyl sulfoxide and therefore this will be 
discussed in Section 3.4.
3.1.2. ]H NMR Data of CP (II) in Different Deuterated Solvents at 298 K
The synthesis of the modified calix[4]pyrrole ligands and their interactions with ionic and 
neutral substrates in nonaqueous solvents were introduced in Chapter I. Thus the 
synthesis of calix[4]pyrrole hybridized with thiophene led to the production of CP(II), a 
ligand with one sulfur atom and three NH groups as binding sites. Calix[4]pyrroles have 
been found to be as strong binder of anions. The synthesis of thiophene-pyrrole hybrid 
cyclic oligomers connected with methylene bridge aimed to alter the selectivity of 
calixpyrroles toward anions and induce interactions with metal cations119.
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The *H NMR spectrum of CP(II) in CDCI3 show that this ligand has three sets of protons 
in different environments (Fig. 3.2) . The *H NMR spectra in CD3CN and d6-DMSO at 
298 K are shown in appendix A.
CH-
-CH,H3C-
HNNH
■CH]
CH;
CDC1-
Fig. 3.2 !H NMR spectrum recorded for CP(II), in CDCI3 at 298 K.
The numbering of protons of CP(II) is shown in Fig. 3.2. Thus protons (1) and (2) 
correspond to the methyl groups situated at the meso-position between the two pyrrole 
rings and the thiophene and pyrrole rings. Protons, H-3 and H-4, are those of the P - 
carbon of the pyrrole rings and H-5 corresponds to the p - carbon of the thiophene ring 
where H-6 and H-7 corrspond to the NH groups of the pyrrole rings.
Chemical shift (8 ppm) and chemical shift changes (A5 ppm) relative to CDCI3 for CP(II) 
in CD3CN and d6-DMSO are listed in Table 3.2. The *H NMR data for the free ligands in 
these solvents show significant downfield shifts in the NH protons in moving from 
CDCI3 to d6-DMSO. However a marked shielding effect is recorded for the pyrrolic 
protons. These are indicative that d6-DMSO is likely to interact with the free calixpyrrole 
ligands by entering hydrogen bond formation through the NH protons of this ligand.
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Table 3.2 !H NMR chemical shifts (5, ppm) of CP(II) in different solvents (CDCI3, 
CD3CN and d6-DMSO) and the chemical shift changes (A8, ppm) with respect to 
CDCI3 at 298 K
CP(II)ch3
CDCI3
•CHj
8(ppm) A5(ppm) S(ppm) A8(ppm)
1.587.00 0.427.42 8.58lnh
7.39 7.84 0.45 1.72lnh
-0.145.87 -0.105.77 5.73■Pyrrole
5.85 -0.255.95 -0.10 5.70-Pyrrole
6.65 6.65 0.040.00 6.69LThiophene
1.53 - 0.02 -0.031.51 1.50LMethyl
1.59 1.55 -0.04 -0.051.54-Methyl
On the other hand, changes observed in the resonance signals of the NH and pyrrole 
protons are less significant in going from CDCI3 to CD3CN relative to d6-DMSO (Table 
3 .2). These may be attributed to the presence of different conformations of the free ligand 
in these solvents given that the calixpyrroles are extremely flexible molecules and that 
hydrogen bonding dose not exist between CP(I) and acetonitrile (Table 3.1b).
The variations in the chemical shifts of the protons observed in the NMR spectra of 
CP(II) in different solvents strongly suggest that solvent-ligand interactions differ
190considerably from one solvent to another .
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3.1.3. *H NMR Data of CP (III) in Different Deuterated Solvents at 298 K
The synthesis of CP(III) was achieved by replacing two pyrrole units in calix[4]pyrrole 
by thiophene rings. The main objective of reducing the pyrrole rings in the backbone of 
CP(I) is to decrease the number of anion binding sites (NH groups) and hence reduce the 
affinity of CP(III) toward anions. On the other hand, the presence of only two sulfur 
donor atoms in an alternate position in CP(III) may play a crucial role in its selective 
interaction of this receptor with metal cations.
Analysis of Fig. 3.3 clearly shows the broad signal for the (NH) potons of the pyrrole 
rings at 7.12 ppm. This is a characteristic property of this proton in this family of 
macrocycles. While signals for the thiophene appear at 6.71 ppm (singlet), the peak 
observed at 5.89 ppm corresponds to the pyrrole ring. The protons of methyl groups 
located at the methylene bridge appear as singlet at 1.65 ppm.
HN2 NH 1
4
Fig. 3.3 [H NMR spectrum recorded for CP(III) in CDCI3 at 298 K.
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The 13C NMR spectrum in CDCI3 at 298 K (Fig. 3.4) shows that CP(III) is characterized 
by six peaks assigned for the carbons of different chemical environments. In this context, 
peaks (1) and (2) represent the methyl and methylene carbons respectively. Signals (3) 
and (4) correspond to the p-carbons of the pyrrole and thiophene rings respectively. The 
a-carbons of pyrrole and thiophene rings are marked by signals (5) and (6).
Fig. 3.4 13C NMR spectrum for CP(III) in CDCI3 at 298 K.
H NMR spectra of CP(III) in several non-aqueous deuterated solvents namely 
chloroform, CDCI3; acetonitrile, CD3CN; and dimethyl sulfoxide, d6-DMSO; were 
recorded (Appendix A). The chemical shifts of the protons are listed in Table 3.3.
It is observed that the chemical shift changes for protons (1), and (2) corresponding to the 
NH and pyrrolic protons respectively are the ones changing significantly relative to 
methyl and thiophenic protons in CP(III). Both NH and pyrrolic protons of the pyrrole
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show a significant differences in the chemical shifts in d6-DMSO compared to CDCI3. 
These are indicative that d6-DMSO is likely to interact with the ligand through hydrogen 
bond formation between the NH protons and the basic oxygens of this solvent.
Similar but weaker chemical shift changes are observed for the NH and p-protons of 
CP(II) in moving from CDCI3 to CD3CN relative to d6-DMSO. These may be due to 
the different conformers of CP(II) in these solvents.
Table 3.3 *H NMR chemical shifts (8, ppm) of CP(III) in different solvents (CDCI3, 
CD3CN and d6-DMSO) and the chemical shift changes (A8, ppm) with respect to 
CDCI3 at 298 K
CP(III)
5(ppm) A8(ppm) I 8(ppm) A8(ppm)
2.097.12 7.70 0.58 9.21
5.89 - 0.205.79 -0.10 5.69■Pyrrole
-0.056.71 6.68 -0.03 6.66Thiophene
-0.081.64 1.561.58 -0.06Methyl
3.1.4. 1H NMR Data of CP (IV) in Different Deuterated Solvents at 298 K
The N-methylation of CP(III) led to the production of CP(IV), a ligand without anion 
binding sites. The main objective for the synthesis of CP(IV) is to study the contribution 
(if any) of the NH groups to the interaction of CP(III) with metal cations in non-aqueous 
solvents. Therefore, by comparing the affinity of CP(III) for metal cations in the presence 
of the NH group relative to that of CP(IV) with N-methyl substituents it is possible to 
gain information about the role of the NH groups in the complexation processes.
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The !H NMR spectrum of CP(IV) in CD3 CN at 298 K identifies the peaks of the different 
protons (Fig. 3.5). Thus the peaks appearing at 6.65 and 5.79 ppm represent the protons 
of thiophene and pyrrole rings respectively. The new signal at 2.88 ppm corresponds to 
the N-methyl protons. The methyl group resonance appears at 1.63 ppm.
The synthesis of calixpyrrole derivative, CP(V), and its interaction with anions ( F \ CP 
and H2PO4') in non-aqueous solvents was discussed in Chapter I. The polymerization of 
this ligand and the ability of the obtained material to uptake anions from aqueous media 
will be discussed in Chapter IV. Thus, the characterization of CP(VI) is to be discussed in 
the next Section.
CHj 3
CH3H3C‘
IU j l
PPM
Fig. 3.5 ^  NMR spectrum recorded for CP(IV) in CD3CN at 298 K.
3.1.5. XH NMR Data of CP (VI) in Different Deuterated Solvents at 298 K
The introduction of 4-[2-(ethylthio)ethoxy] phenyl groups at the meso-position between 
the pyrrole rings of CP(I) led to the production of CP(VI), a ligand with a framework
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which resembles that of calix[4]arene. The aim was to investigate the effect of the sulfur 
containing pendent arms on the complexation process of this host with its metal cation 
guests121.
The !H NMR spectrum of CP(VI) in CD3OD (Fig. 3.6) shows clearly the peaks of the 
protons of this ligand at 298 K. The broad singlet at 9.07 ppm corresponds to the NH 
protons of the pyrrole ring, while the pair of doublets at 6.88 and 6.67 ppm are those for 
the aromatic protons. The three sets of triplets at 4.06, 2.87 and 1.87 ppm represent the 
methylene protons of 5 and 6 and the methyl protons of 8 respectively. The quartet at 
2.62 ppm corresponds to the methylene protons of 7.
1
_ i l _
Fig. 3.6 *H NMR spectrum recorded for CP(VI) in CD3OD at 298 K.
Table 3.4 reports the proton chemical shifts observed in the !H NMR spectra of CP(VI) 
recorded at 298 K in three different solvents (CDCI3, CD3CN and d6-DMSO). The !H 
NMR data for the free ligand in these solvents show significant downfield shifts in the 
NH protons (A8 = 1.88 ppm) in moving from CDC13 to d6-DMSO. This is indicative that
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d6-DMS0 is likely to interact with the ligand. dg-DMSO is a protophilic aprotic solvent 
and therefore due to its basic character this is able to enter hydrogen formation with the 
NH of the pyrrolic rings. This would lead to a deshielding effect on this proton causing 
its signal to shift downfield (Table 3.4). On the other hand a less significant deshielding 
effect is recorded for the NH proton (A8= 0.32 ppm) in moving from CDCI3 to CD3CN.
Table 3.4 lH NMR chemical shifts (8, ppm) of CP(VI) in different solvents (CDCI3, 
CD3CN and d6-DMSO) and the chemical shift changes (A8, ppm) with respect to 
CDCI3 at 298 K
s
2
NH / 
14
0
4
CDCI3 CD3CN d6- DMSO
8(ppm) 8(ppm) A8(ppm) 8(ppm) AS(ppm)
1 7.55 7.87 0.32 9.43 1.88
2 5.72 6.01 0.29 5.94 0.22
3 1.93 1.83 -0.10 1.71 -0.22
4 6.75 6.81 0.06 6.81 0.06
5 4.11 4.07 -0.04 4.02 -0.09
6 2.89 2.87 -0.02 2.81 -0.08
7 2.64 2.62 -0.02 2.59 -0.05
8 1.27 1.25 -0.02 1.19 -0.08
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3.1.6. 1H NMR Data of CP (VII) in Solution at 298 K
The replacement of a methyl group by thiophene in the calixpyrrole’s bridges led to the 
production of CP(VII). The advantage of introducing soft donor atoms in CP(VII) is to 
target metal cations such as Hg2+ and Ag+. Although the number of NH groups of the 
pyrrole rings have not altered in CP(VII), the introduction of thiophene units might affect 
the binding ability of this ligand toward anions.
Analysis of Fig. 3.7 shows a broad peak for the NH protons at 8.28 ppm and another one 
for the pyrrolic protons at 5.64 ppm. Thiophene signals in the spectrum appear at 7.02, 
6.76 and 6.58 ppm. The signal at 1.47 corresponds to the methyl protons.
2 3
4 5
4 5 6
j!  — —- jJ
**,— »— «— «— i— «— *— «— i— i— i— «— «— *— i— i— i— >— *— i— «— i— *— i— r
8 7 5 4 1 PPV
Fig. 3.7 2H NMR spectrum recorded for CP(VII) in CD3CN at 298 K.
lH NMR measurements on CP(VII) (Table 3.5) were also performed in CDCI3 and &$- 
DMSO. The significant chemical shift changes detected in the pyrrolic and NH protons in 
moving from CDCI3 to d6-DMSO clearly indicates the existence of H-bonding between
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CP(VII) and the latter solvent. However the considerable changes in the resonances of 
thiophene protons may be attributed to the steric hindrance between the thiophene 
units.This effect is also reflected in the considerable shift changes of the thiophene 
protons of CP(VII) in CD3CN compared to CDCI3. The distinctive feature of the 
thiophene protons in this ligand suggests that CP(VII) experiences conformational 
changes in dimethyl sulfoxide and acetonitrile and hence produce an extreme electrostatic 
repulsion between the sulfur atoms. This steric effect also causes a significant shielding 
of the methyl protons (moving the signal upfield).
Table 3.5 *H NMR chemical shifts (5, ppm) of CP(VII) in different solvents (CDCI3, 
CD3CN and d6-DMSO) and the chemical shift changes (AS, ppm) with respect to 
CDCI3 at 298 K
d6- DMSO
8(ppm) A8(ppm) S(ppm) AS(ppm)
7.45 8.28 2.420.83 9.87lnh
5.90 5.64 -0.25-0.26 5.65
7.14 7.02 0.85HThiophene - 0.12 7.99
6.766.89 0.45-0.13 7.34
6.586.72 -0.14 6.90 0.18T^hiophene
-0.291.53 1.47 -0.06 1.24Methyl
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3.2. Partition of Calixpyrrole Derivatives
Unlike protic solvents, dipolar aprotic solvents offer a suitable medium for dimerisation 
Therefore this was investigated with the aim of identifying the speciation of these 
receptors in acetonitrile by evaluating the partition coefficients, Kp, of these ligands in 
this system over a wide range of concentrations (lxlO '5 - lxlO '3 mol dm'3). Therefore, 
partition data are referred to the process described in eqn 3.1, taking acetonitrile as the 
reference solvent (si). In this equation, S2 denotes hexane. In all cases, these solvents 
were mutually saturated (si saturated with S2 and vice versa).
Kp
CP (si saturated with S2) <  r . : ,r  CP (S2 saturated with si) (eqn 3.1)
The thermodynamic equilibrium (partition) constant, Kp is defined by eqn 3.2
„  = [CP\jnHi ( 2 )
In eqn 3. 2, 7l{sx) and Yl(s2) denote the activity coefficients of CP in the two solvents.
Since CP is a nonelectrolyte and provided that low concentrations are used, y values are 
considered to be ~ 1. Thus, Table 3.6 reports the Kp values obtained at different 
concentrations of the ligand, cj, in the acetonitrile-hexane solvent system. These data are 
used to calculate the standard partition Gibbs energy, APG° of these ligands in this solvent 
system. The fact that no changes are observed in the APG° values by altering the 
concentration of these ligands provides a clear indication that, within this concentration 
range, the monomeric species of these ligands predominate in solution. The obtained 
results show that the partition coefficients of calixpyrrole ligands follow the sequence,
CP(III)>CP(II)>CP(I)
This is attributed to the dissimilar decrease in the solubility of the hybrid calixpyrroles in 
non-aqueous solvents as the number of thiophene rings replacing the pyrrole rings in the 
parent calix[4]pyrrole increases.
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Table 3.6 Partition constants and derived partition standard Gibbs energies of 
calixpyrrole derivatives in the acetonitrile-hexane solvent system at 298.15 K
ca(mol dm ) Kp APG° / kJ mol*1
CP(I)
1.02 x 104 0.176 4.18
1.94 x lo-4 0.178 4.15
3.96 x 104 0.178 4.14
5.88 x 104 0.177 4.16
7.60 x 104 0.177 4.16
1.02 x 10‘3 0.177 4.16
average 0.177 ±0.001 4.16 ±0.01
CP(II)
9.82 x 10'5 0.243 3.50
1.92 x 104 0.242 3.52
3.75 x 104 0.243 3.50
5.82 x 104 0.239 3.55
7.52 x 104 0.243 3.51
1.03 x 10‘3 0.243 3.50
average 0.242 ± 0.002 3.51 ±0.02
CP(III)
2.01 x 104 0.331 2.74
3.94 x 104 0.330 2.75
5.98 x 104 0.329 2.75
8.49 x 104 0.331 2.74
9.64 x 104 0.329 2.75
average 0.330 ±0.001 2.75 ± 0.01
CP(VII)
9.92 x 10'5 0.482 1.81
1.96 x 104 0.490 1.77
3.93 x 104 0.493 1.75
5.94 x 104 0.483 1.80
7.79 x 104 0.482 1.81
1.02 x 10'3 0.471 1.87
average 0.483± 0.008 1.79 ±0.04
a c denotes the concentration of calixpyrrole ligands in acetonitrile
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Having determined the nature of species in these solvents, we proceeded with the 
determination of the solubility of these ligands in different media at 298.15 K, as 
discussed below.
3.3. Solubility Measurements of Calix[4] pyrrole Derivatives and Derived Gibbs 
Energies of Solution. Transfer Gibbs Energies from Acetonitrile to other 
Solvents at 298.15 K
Solubility measurements were performed to ensure that calixpyrrole ligands are soluble 
enough in the appropriate solvents to carry out the experimental work required for the 
derivation of:
i) The composition of calixpyrrole complexes with ionic guests (anions and metal
cations) in solvents of interest.
ii) Thermodynamic data for the complexation process involving these ligands and
various anions and metal cations.
iii) The enthalpy of solution of these ligands in the appropriate solvents.
Solubility measurements were performed as described in the Experimental Section 2.7. 
Thus solubility data for calixpyrrole derivatives in various solvents (acetonitrile, ethanol, 
methanol, N,N-dimethylformamide, propylene carbonate, dimethyl sulfoxide, 
dichloromethane , chloroform and toluene) at 298.15 K are listed in Table 3.7. These are 
the results of several analytical measurements carried out on the same equilibrium 
mixture. The solubility of the parent calix[4]pyrrole in different solvents was taken from
In this eqn., Xj, x  and n are the obtained solubility, an average solubility and the number 
of measurements performed in the appropriate solvent respectively.
Ref. 31.
The standard deviation of the data was calculated from eqn. 3.3.
(eqn. 3.3)
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Table 3.7 Solubilities of calix[4]pyrrole derivatives in various solvents at 298.15 K.
Solubility (moLdm*3)
Solvent CP(I)31 CP(II) CP(III) CP(VI) CP(VII)
MeCN
MeOH
EtOH
(1.39 ±  0.05) x 10*2 
(8.07 ± 0.03) x 1 O'3 
(6.27 ±  0.08) x lO'3
(9.38 ±  0.05) x 10’3 
(2.36 ±  0.03) x 10'3 
(3.32 ±  0.03) x 10'3
(6.67 ± 0.05) x 10‘3 
(9.51 ± 0 .04 ) x 10*4
Solvate formation 
( 1.3 ±  0.2) x 10'3
(1.7 ±  0.2) x 10'2 
(7.75 ± 0.04) x lO"4 
(5.65 ±  0.08) x 10'3
c 6h 5c h 3 — (1.17 ±  0.01) x 10'2 (8.34 ±  0.01) x 10'3 — —
c 6h 14 (2.36 ± 0.07) x 10'3 (2.20 ±  0.05) x 10'3 (2.42 ±  0.04) x 10*3 — —
DMF (1.36 ±  0.04) x 10'2 (1.85 ±  0.04) x 10'2 (1.63 ±  0.08) x 1 O'2 Solvate formation (5.10 ±  0.03) x 10*2
DMSO — (1.06 ±  0.04) x 10'2 — Solvate formation (9.11 ±  0.08) x 10'2
PC (1.40 ±  0.02) x 10*2 (3.34 ±  0.06) x 10'3 — (2.64 ± 0.04) x 10'2 —
CHC13 — Solvate formation Solvate formation Solvate formation —
Abbreviations used: MeCN , acetonitrile; MeOH, methanol; EtOH, ethanol, C6H5CH3, toluene; DMF, 
C6H6, hexane; N,N-dimethylformamide; DMSO, dimethyl sulfoxide; PC, propylene carbonate; CHC13, 
chloroform; CH2C12, dichloromethane.
Standard Gibbs energies of solution ASG°, given in Table 3.8 were calculated from the 
solubility data using eqn. 2.3, only when the solid phase was not altered by solvation.
Since for a given ligand, the contribution of the crystal lattice energy to the standard 
solution Gibbs energy is the same, the variations observed in the ASG° values are due to 
the difference in solvation of the calixpyrrole ligands in these solvents. The contribution 
of crystal lattice Gibbs energy, AciG° is removed by the calculation of the standard 
transfer Gibbs energies, AtG (Table 3.9).
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The transfer Gibbs free energy, AtG°, was calculated using acetonitrile as the reference 
solvent si (eqn. 3.4).
A(<T(CP)(J, -> 'h )  = AsCfiCP%s2) -  AsG \C P ){sx) (eqn. 3.4)
In eqn. 3.4, AsG°(s2) and AsG°(sj) indicate the standard Gibbs energy of solution in the 
reference solvent ,si, and any other solvent, S2.
Table 3.8 Standard Gibbs energies of solution of calixpyrrole derivatives in various 
solvents at 298.15K
ASG° (kJ.mol'1)
Solvent CP(I)a CP(II) CP(III) CP(VI) CP(VII)
MeCN 10.60 11.57 12.42 Solvate formation 10.06
MeOH 11.95 15.01 17.25 16.51 17.75
EtOH 12.57 14.15 — — 12.83
c 6h 5c h 3 — 11.02 11.86 — —
C6Hl4 14.99 15.17 14.93 — —
DMF 10.65 9.89 10.20 Solvate formation 7.38
DMSO — 11.02 — Solvate formation 5.94
PC 10.58 14.13 9.01 —
a Ref. 40
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Table 3.9 Derived transfer Gibbs energies from acetonitrile to other non-aqueous 
solvents at 298.15 K
A t G (M eC N -+ s) (kJ.mol'1)
Solvent CP(I)a CP(II) CP(III) CP(VII)
MeCN 0.00 0.00 0.00 0.00
MeOH 1.35 3.43 4.83 7.49
EtOH 1.97 2.58 — 2.77
c 6h 5c h 3 — -0.53 -0.56 —
c 6h 14 4.40 3.60 2.51 —
DMF 0.05 -1.68 -2.22 -2.68
DMSO — -0.55 — -4.12
PC -0.02 2.56 — —
a Ref. 40
Unlike calix[4]pyrrole, calixpyrrole derivatives show a higher solvation in dipolar aprotic 
solvents (DMF, DMSO..) than other solvents. These findings are in good agreement with 
the results obtained from the *H NMR data for these ligands in several non-aqueous 
solvents. For these ligands, the significant downfield shift o f the NH proton in d6-DMSO 
relative to CD3CN (Tables 3.2 -  3.5) corroborates the higher solvation of this ligand in 
the former relative to the latter solvent.
The standard Gibbs energies of transfer presented in Table 3.9 reflect the difference in 
solvation of these neutral receptors in S2 relative to si.
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The variations observed in AtG° values for CP(I) from acetonitrile to the various solvents 
are small ranging from 4.40 to -0.02 kJ mol'1 in transfers to hexane and propylene 
carbonate respectively (Table 3.9). Similarly, the variations observed in AtG° values for 
other calixpyrrole ligands from MeCN to the various solvents are small which indicate 
that the solvation changes from one medium to another are relatively small as to make 
any significant contribution (favourable or unfavourable) to the stability (or lack of it) of 
complex formation in one medium relative to another.
Analysis of AtG° values shows that the ability of calixpyrrole ligands to interact with the 
solvents follows the sequence:
CP (I): PC > MeCN > DMF > MeOH > EtOH > C6Hh
CP(IIk DMF > DMSO ~ C6H5CH3 > MeCN > PC «  EtOH > MeOH > C6Hi4
CP (III): DMF > C6H5CH3 > MeCN > C6Hi4 > MeOH
CP(VIIk DMSO > DMF > MeCN > EtOH > MeOH
The negative Afi(MeCN-±s) values f°r CP(VII) in DMF and DMSO reflect the high
interaction of this ligand in these solvents relative to acetonitrile. On the other hand the 
variation observed in AtG° for this ligand from MeCN to MeOH is significant and would 
contribute to the stability of complex formation in one medium relative to another.
It is of interest to compare the AtG° values (Table 3.9) referred to the process in which 
the pure solvents are involved with the APG° values (Table 3.6) for these ligands in the 
acetonitrile-hexane solvent system. The agreement found between the two sets of data for 
calix[4]pyrrole, calix[3]thieno[l]pyrrole, I; and calix[2]thieno[2]pyrrole, II, is typical of 
solvent systems of very low mutual solubility97.
o
Plots of the Gibbs energies of transfer, ^fi(MeCN-^s) ° f  the calixpyrrole derivatives
[CP(I), CP(II) and CP(III)] as a function of the number of pyrrole units corresponding to 
each of these ligands show good linearity (Fig. 3.8). Thus an increase in the Gibbs
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energies of transfer of these ligands was observed in moving from acetonitrile to hexane 
and N, N-dimethylformamide as the the number of pyrrole units increases. However an 
inversely proportional relationship between the Gibbs energies of transfer of calixpyrrole 
ligands and the number of pyrrole units was obtained in moving from MeCN to MeOH. 
Therefore, it can be assumed that these are a consequence of systematic correlation 
between the structure of calixpyrrole ligands and the solvation behaviour of the 
solvents.On the other hand, the opposite trend found in moving from MeCN to MeOH 
may be attributed to the significant differences in Gibbs free energies of solution of these 
ligands in methanol (Table 3.7) relative to other solvents.
1 2 
a
b  o
<J
-2
-4
CP(III) CP(II) CP(I)
R = 0.99
R = 0.98
R2 = 0.92
2 3 4
Number of pyrrole units
♦  MeOH 
A DMF
•  Hexane
Fig. 3.8 Relationship between the number of pyrrole units of calix[4]pyrrole ligands and 
Gibbs energy of transfer, AtG°, in methanol, hexane and N, N-dimethylformamide at
298.15 K.
In cases where calixpyrrole derivatives undergo solvate formation, it was not possible to 
calculate Gibbs energies. For these calculations the composition of the solid in 
equilibrium with a saturated solution of the ligand is required to be the same which is not 
the case when solvate formation takes place.
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3.4. 1H NMR Investigations on the Complexation of Calix[4]pyrrole and its 
Derivatives with Anions and Metal Cations in CD3CN and d6-DMSO at 298 K
!H NMR measurements were carried out in order to investigate the presence of 
interactions of calyx[4]pyrrole ligands, CP(I)-CP(VII), with anions and metal cations. For 
these measurements two solvents were chosen, a protophobic (CD3CN) and a protophilic 
(d6-DMSO) dipolar aprotic solvent at 298 K. The choice of these solvents was based on 
the following facts:
i) The ligands are soluble in these media.
ii) In acetonitrile and dimethyl sulfoxide, anion and metal cation salts are predominantly 
in their ionic forms at low concentrations. Therefore this discussion will be limited to 
these solvents as far as 1H NMR studies are concerned.
These studies have been particularly informative with calixpyrroles where chemical shift 
changes can be used to assign the sites of interaction of these ligands with their ionic 
guests.
]H NMR measurements involving calixpyrrole derivatives and ionic species in CD3CN 
d6-DMSO at 298 K are now discussed.
3.4.1. NMR Measurements of CP(I) with Halide Anions in d6-DMSO and with 
M ercury (II) in CD3CN at 298 K
!H NMR studies regarding the interaction of CP(I) with halide anions in CD3CN were
'X1conducted by Danil de Namor and Shehab... This ligand proved to be able to recognize 
selectively the halide anions in acetonitrile and N,N-dimethylformamide, as demonstrated 
by lH NMR, conductance measurements and calorimetric titrations. However, no 
investigations have been carried put to investigate the interaction of this ligand with 
halide anions in d6-DMSO, although the anion salts behaviour in this solvent is quite 
smilar to that in DMF. Therefore *H NMR studies were performed in this solvent to gain 
information about the ability of CP(I) to recognize halide anions in this solvent and in 
order to compare these results with other calixpyrrole derivatives.
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As far as ]H NMR studies of complexation for CP(I) are concerned, studies in d6-DMSO 
have been performed for F', Cf, Br', r ,  H2PO4', HSO4', N 03' and C104‘ (see appendix A). 
These results are shown in Table 3.10. The differences in the chemical shifts (AS / ppm) 
for each proton with respect to those of the free ligand were calculated using eqn. 3.5 and 
these are also included in the table.
^  ~ ^Complex ~ 3Free (eQn 3.5)
Significant chemical shift changes in the NH protons are observed by the addition of an 
excess amount of anion salt solution of F', CT, Br‘ and H2 PO4 ' (number of moles of anion 
salt was four times the number of moles of the ligand) to the ligand in this solvent. This is 
indicative that the NH groups of CP(I) are the sites of interaction between this ligand and 
the anions in d6-DMSO. No significant changes in the chemical shifts of this receptor 
were observed with T, HSO 4 ', NO 3 '  and CIO4 '  suggesting the absence of interaction.
The same sequence as in the case of acetonitrile (F~ > Cl~ > B r' > /" )  is also observed 
in this solvent. However the lower changes in the chemical shifts reported for the NH 
protons in this solvent relative to acetonitrile (Table 3.10) are attributed to the possible 
interaction of CP(I) with the basic oxygens of d6-DMSO (Table 3.1) . Therefore the 
ability of CP(I) to interact with anions is likely to be reduced in de-DMSO relative to 
CD3CN. Similarly, Danil de Namor and M. Shehab31 found that the affinity of CP(I) to 
target anions decreased in DMF relative to acetonitrile.
*H NMR studies for the complexation of CP(I) with the Hg(II) cation were conducted in 
CD3CN, and the results are included in Table 3-11. As far as Hg(II) is concerned, the 
insignificant chemical shift changes of NH and p-C protons of pyrrole rings suggest the 
absence of interaction between Hg(II) and calix[4]pyrrole.
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Table 3.10 *H NMR chemical shift changes for CP(I) upon the addition of anion salts in 
d6-DMSO and CD3CN at 298 K
A5 (ppm)
CH-
de-DMSO
CH.
Free ligand 9.27 5.70 1.52
3.60 -0.28 0.04
Cl' 2.09 -0.03 0.02
0.30Br -0.06 0.03
0.00 -0.01 0.00
2.09 -0.04 0.05
0.01 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
Free ligand 7.40 1.485.80
5.18 -0.28 0.15
c r 3.61 -0.26 0.24
3.16 -0.24 0.27Br
0.06 0.050.02
Table 3.11 NMR chemical shift changes for CP(I) upon the addition of Hg(II) salt in 
CD3CN at298 K
A6 (ppm) j
j
Hi i h 2i
1
h 3 |
;
Free ligand j
1
7.40 | 5.80 1.48
Hg(H) | 0.08
1
1 -0.04
I
-0.07
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3.4.2. *11 NMR Measurements of CP (II) with Anions and Metal Cations in CD3CN 
andd6-DM SOat298K
A far as studies of complexation of CP(II) with anions (as tetra-n-butylammonium salts) 
in CD3CN (Table 3.12 ) are concerned, the results demonstrated that among all studied 
anions only F', CT, Br‘ and F^POT give rise to observable interactions. The !H NMR 
spectra of CP(II) in the presence of halide ions and dihydrogen phosphate anion show 
significant shifts of the pyrrole NH resonances from its uncomplexed value of 8 7.42 ppm 
toward higher values ( up to 511.24 for fluoride and 89.67 ppm for chloride...) which are 
certainly due to the involvement of the NH protons in hydrogen bonding interactions with 
halide and dihydrogen phosphate anions. Thus the pyrrole NH protons experience a clear 
deshielding effect. In addition chemical shift changes were observed in the pyrrolic 
protons due to the participation of the NH groups of CP(II) in the complexation 
processes. The magnitude of chemical shift changes increases with the electronegativity 
character of the anion as previously observed31,46. Hence the following sequence is 
observed.
F~ > Cl~ > Br~ > r
In fact the relationship that was found between the AS values of the pyrrolic protons of 
CP(I)31 (Table 3-10) and the anion size122 is also valid for CP(II) (Fig. 3.9 ) where the 
most significant change was observed for the fluoride anion. Insignificant chemical shift 
changes were observed for this ligand and the iodide anion in this solvent.
To further investigate anion complexation of H2PO4' and CP(II) in solution, NMR 
titrations were conducted (Fig. 3.10). Thus CP(II) was titrated with tetra-w- 
butylammonium di-hydrogen phosphate in CD3 CN. Considerable downfield shifts of the 
pyrrolic NH protons are observed. The results show that the complexation is fast on the 
NMR time scale and furthermore suggest that the dihydrogen phosphate anion interacts 
with CP(II) through hydrogen bonding. An inspection of Fig. 3.10 gives preliminary 
knowledge about the stoichiometry of the complex which appears to be 2:1 
(CP(II)/H2PC>4') mole ratio. This fact is reflected in the shift observed in the resonance 
values of the NH protons.
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4.50 -
4.00 -
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3.00 -
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0.00 -1
1.20 1.40
R2 = 0.95
1.60 1.80 2.00 
Ionic Radius (A°)
2.20 2.40
Fig. 3.9 Relationship between ionic radii of halide anions and A5 values for the pyrrole 
(NH) proton at 298 K.
0.8 R2 = 0.99
0.6
R2 = 0.99
/-N
Sa
a
0 .4
< 0.2
-0.2
0.20 0.40 0.60 0.800.00
♦  NH
* — thiophene
-X— pyrrole
— pyrrole 
-0—  Methyl
H—  methyl
 Poly. (NH)
 Poly. (NH)
H2P 0 47CP(II)
Fig. 3.10 *H NMR titration plot of CP(II) with H2P 04' in CD3CN at 298 K
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Proton NMR studies on the complexation of CP(II) with alkali, alkaline-earth, heavy and 
transition metal cations were also carried out in CD3CN at 298 K (Table 3.12). As far as 
metal cations are concerned, small chemical shift changes were observed for these 
cations except for mercury. The downfield chemical shift change in the thiophene protons 
upon complexation of CP(II) and Hg(II) (A8 = 0.24 ppm) in acetonitrile suggests that the 
interaction is taking place through the sulphur donor atoms of the thiophene rings. 
However the significant chemical shift changes of the NH and pyrrolic protons may be 
attributed to the change in the conformation of CP(II) upon complexation. This 
suggestion is based on the absence of interaction between CP(I) and the Hg(II) cation in 
the acetonitrile (Section 3.4.1).
However, proton NMR studies in d6-DMSO at 298 K (Table 3.13) show that, among 
these anions, only significant chemical shift changes in the pyrrolic (3 and 4) and amine 
(6 and 7) protons are observed via the addition of F" to the ligand in this solvent. The 
downfield changes in the chemical shifts of the protons of NH groups are attributed to 
their interaction with the fluoride anion via H-bonding. On the other hand, the upperfield 
shifts observed for (3-protons (3 and 4) of pyrrole rings are related to the change of 
conformation of CP(II) upon complexation with the fluoride anion and hence altering the 
chemical environment of these protons. It was found that the addition of increasing 
amounts of CT, Br', I', H2PO4' , HSO4', NO3' and C104' anion salts to CP(II) in d6-DMSO 
caused no changes in the NMR spectra of this ligand. The *H NMR data (Table 3.3) for 
the free ligand in these solvents, show significant downfield shifts in the NH protons in 
moving from CD3CN to d6-DMSO. These are indicative that the latter solvent is likely to 
interact with the ligand through hydrogen bond formation between the NH protons and 
the oxygen atoms of this solvent. Therefore CP(II) was only able to interact with the 
fluoride anion, the most electronegative anion of the halide family, in d6-DMSO relative 
to CD3CN.
As far as metal ion cations (alkali, alkaline-earth, heavy and transition metal cations) are 
concerned, insignificant chemical shift changes were observed after the addition of an 
excess amount of metal salts to CP(II) in d6-DMSO suggesting the absence of interaction 
between the metal cations and this ligand in this solvent.
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Table 3.12 !H NMR chemical shift changes for CP(II) upon the addition of anions and 
metal cation salts in CD3CN at 298 K
HjC [j CHa 
H3C—j-----\ s/~'~4-CH3
j
|
j
A 6  ( p p m )
^  NH 6 3
CH3 j j  h3c 
4
j
i H m ethyl
! (i)
1
l
H m ethyl
( 2 )
i Hpyrrole
| (3)
H pyrrole
(4)
Hxhiophene
(5)
H n h
(6)
H n h
( 7 )
Free ligand | 1 .5 1 1 .5 5 5 . 7 7 5 . 8 5 6 . 6 5 7 . 4 2 7 . 8 4
Anions
F' j 0 . 0 6 0 . 0 4 - 0 . 2 6 - 0 . 1 6 0 . 1 3 3 . 8 2 ................
c r | 0 . 0 7 0 . 0 4 - 0 . 2 4 - 0 . 1 4 0 . 0 7 2 . 2 5 2 . 9 2
Br* | 0 . 0 5 0 . 0 0 - 0 . 2 3 - 0 . 0 7 0 . 0 2 0 . 6 7 0 . 7 5
r | 0 . 0 0 0 . 0 0 - 0 . 0 1 - 0 . 0 1 0 .0 1 0 . 0 9 0 . 0 5
H2P 04‘ | 0 . 0 5 0 .0 1 - 0 . 1 2 0 . 0 2 0 . 0 4 0 . 5 7 0 . 7 2
HSO4' 0 . 0 5 0 . 0 0 0 . 0 0 - 0 . 0 1 0 .0 1 0 . 0 3 0 . 0 6
CIO4' 0 . 0 0 0 .0 1 0 . 0 0 0 .0 1 0 .0 1 0 .0 1 0 . 0 0
N 03* 0 . 0 5 0 .0 1 0 . 0 0 0 . 0 0 0 .0 1 0 . 0 7 0 . 0 8
Metal Cations
Li+ 0 . 0 0 0 . 0 0 0 . 0 2 0 . 0 2 0 . 0 1 0 . 0 0 0 . 0 0
Na+ 0 . 0 0 0 . 0 0 0 . 0 0 0 .0 1 0 . 0 0 0 . 0 0 0 . 0 0
K + 0 . 0 0 0 . 0 0 0 .0 1 0 . 0 0 0 . 0 1 0 . 0 0 0 . 0 0
Rb+ 0 . 0 0 0 . 0 0 0 . 0 0 0 .0 1 0 . 0 0 0 . 0 0 0 . 0 0
Cs+ 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
Mg2+ 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 .0 1 0 . 0 0 1 0 . 0 0
Ca2+ 0 . 0 4 0 . 0 3 0 . 0 2 0 .0 1 0 . 0 2 0 . 0 2 0 . 0 2
Sr2+ 0 . 0 4 0 . 0 4 0 . 0 2 0 . 0 2 0 . 0 3 0 . 0 2 0 . 0 2
Ba2+ 0 . 0 4 0 . 0 4 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0 2
Ag+ 0 . 0 0 0 . 0 0 0 .0 1 0 . 0 0 0 .0 1 - 0 . 0 2 - 0 . 0 2
Cd2+ - 0 . 0 2 - 0 . 0 2 0 .0 1 0 .0 1 0 .0 1 0 . 0 2 0 . 0 2
Zn2+ - 0 . 0 3 - 0 . 0 2 0 .0 1 0 .0 1 - 0 . 0 1 0 . 0 0 0 . 0 0
Pb2+ - 0 . 0 2 - 0 . 0 1 0 .0 1 0 .0 1 0 .0 1 - 0 . 0 1 - 0 . 0 1
Hg2+ 0 . 0 6 0 . 0 9 0 . 0 3 0 . 2 7 0 . 2 4 0 . 7 4 0.88
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Table 3.13 NMR chemical shift changes for CP(II) upon the addition of anion salts in 
d6-DMSO at 298 K
5
H3C Jj CHj2 h3c 4 ^ \ s/MtCh3
NH 6 HN\ 3  3 
h3c-^-— ,
CHj If HaC4
AS ( ppm )
Hmethyl
(1)
Hmethyl
(2)
Hpyn-ole
(3)
Hpyrrole
(4)
Hxhiophene
(5)
Hnh
(6)
Hnh
(?)
Free ligand 1.50 1.54 5.73 5.70 6.69 8.58 9.11
F' -0.01 0.00 -0.14 -0.11 0.02 3.29 . . . .
C1‘ 0.00 0.00 -0.02 0.01 0.00 0.04 0.07
Br* 0.00 0.00 -0.01 0.00 0.00 0.00 0.01
r 0.00 0.00 -0.00 0.00 0.00 0.00 0.01
H2P.O4' 0.00 0.00 -0.02 -0.01 0.00 0.12 0.16
HSO4' 0.01 0.02 -0.01 -0.01 0.01 0.00 0.00
CIOT 0.01 0.02 -0.02 -0.01 0.01 0.00 0.01
NOT 0.01 0.02 0.01 -0.01 0.01 0.01 0.00
3.4.3. *H NMR Measurements of CP (III) with Anions and Cations in CD3CN and 
d6-DMSO at 298 K
As can be inferred from an inspection of Table 3.14, CP(III) did not show any interaction 
with anions where no significant chemical shift changes were detected upon the addition 
of an excess of anion salts into this ligand in CD3 CN.
*H NMR studies carried out with CP(III) and the metal cations at 298 K are also included 
in Table 3.14. Except for Hg(II), no significant changes in the chemical shifts of this 
receptor were observed with these cations suggesting the absence of interaction. The 
chemical shift changes observed in this ligand upon the addition of Hg(II) salt in this 
solvent are similar to those found for this cation and CP(II) in this solvent. Indeed 
significant chemical shift changes were observed in the thiophene 
(A5 = 0.33 ppm) and pyrrole (AS = 0.15 ppm) protons, as well as in the NH protons (0.98 
ppm) of this ligand. The latter may be caused by changes in the conformation of this 
ligand upon complexation with Hg(II).
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Table 3.14 *H NMR chemical shift changes for CP(III) upon the addition of anion and 
metal cations salts in CD3CN at 298 K
2
A8(ppm)
Hi H 2 h 3 h 4
Free ligand 1.58 5.79 6.68 7.70
Anions
F 0.01 -0.06 -0.03 0.00
c r -0.01 -0.02 -0.01 0.05
r -0.01 0.01 0.01 -0.01
Br' -0.01 0.02 -0.00 -0.01
Metal Cations
Li+ 0.01 0.01 0.00 0.01
Na+ 0.01 0.00 0.01 -0.01
K+ 0.00 0.00 -0.01 -0.02
Rb+ 0.00 0.00 -0.01 -0.01
Cs+ 0.00 0.00 -0.01 -0.01
Mg2+ 0.01 0.01 0.01 -0.02
Ca2+ 0.01 0.01 0.01 -0.01
Sr2+ -0.01 0.00 0.01 -0.01
Ba2+ -0.01 0.00 0.00 -0.02
Ag+ 0.00 -0.01 -0.01 -0.07
Cd2+ 0.01 0.01 -0.01 -0.01
Zn2+ 0.01 0.01 0.01 -0.03
Pb2+ 0.01 0.01 -0.01 0.00
Hg2+ -0.02 0.15 0.33 0.98
On the basis of *H NMR investigations, it can be concluded that the ability of 
calixpyrrole ligands to host anions is drastically reduced by decreasing the number of the 
NH groups of these receptors (CP(III) < CP(II) < CP(I)). Therefore the substitution of 
pyrrole rings by thiophene led to a decrease in the number of the NH groups and 
consequently weakened the strength of hydrogen bonding of this ligand with anions. As
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such, the complexation of calixpyrrole derivatives and anions in CD 3 CN and d6-DMSO 
involves hydrogen bonding interactions between the NH functionalities of these ligands 
and the anions of interest123.
On the other hand the introduction of the thiophene ring(s) into the backbone of 
calixpyrrole increases the number of soft donor atoms in CP(II) and CP(III) and therefore 
improve the ability of these derivatives to interact with the Hg(II) cation. Moreover, the 
replacement of two pyrrole rings by thiophene rings inhibits the interaction of the hybrid 
macrocycle, CP(III), with anions and provides a unique interaction with mercury.
The complexation of CP(III) with anions and alkali, alkaline-earth, heavy and transition 
metals in d6-DMSO was also investigated. Insignificant chemical shift changes upon the 
addition of the metal ion salts to the ligand solution suggest the absence of interaction of 
these metal cations with this ligand in this solvent.
3.4.4. *H NMR Measurements of CP (IV) with Metal Cations in CD3CN at 298 K
In order to gain further information about the role of the NH functionalities of the pyrrole 
units in the complexation process, the interaction of CP(IV) with metal cations was 
investigated. As can be inferred from Table 3.15, when the two NH groups in CP(III) are 
replaced by NCH3 (CP(IV)), significant chemical shift changes were observed for the 
pyrrolic and the thiophenic protons upon complexation of CP(IV) with the Hg(II) cation. 
The large difference in the chemical shift changes of the pyrrolic protons between CP(III) 
and CP(IV) may be attributed to the steric effect of the methyl group of N-CH3 in the 
latter ligand. On the other hand, the chemical shift changes of the thiophenic protons of 
CP(IV) (A8 = 0.33 ppm) are not affected by the presence of the NCH3 groups in CP(IV).
118
Chapter Three Results & Discussion
Table 3.15 NMR chemical shift changes for CP(IV) upon the addition of metal cation 
salts in CD3CN at 298 K
2
H3C // \ _CH3 .
CH3 4
sy J 3
'VTrr'CH,CH3 Vy jj H3C
A8(ppm)
H! h 2 h 3 H4
Free ligand 1.63 5.99 6.65 2.88
Li+ 0.00 0.01 0.00 0.00
Na+ 0.01 0.01 0.00 0.01
K+ 0.00 0.00 0.00 0.00
Rb+ 0.00 0.00 0.00 0.00
Mg2+ 0.00 0.01 0.01 0.01
Ca2+ 0.01 0.00 0.00 0.01
Sr2* 0.01 0.00 0.00 0.04
Ba2+ 0.00 0.00 0.00 0.00
Ag+ 0.01 0.01 0.00 0.01
Cd2+ 0.00 0.01 0.01 0.01
Zn2+ 0.00 0.01 0.00 0.01
Hg2+ -0.05 0.35 0.33 -0.03
3.4.5. *H NMR Measurements of CP (VI) with Anions and Metal Cations in 
CD3CN and d6-DMSO at 298 K
Calixpyrrole derivatives, CP(II), CP(III) and CP(IV), are characterized by the presence of 
thiophene units into the framework of calix[4]pyrrole. However, another approach was 
applied to enhance the calixpyrrole capability of hosting Hg(II) cations by replacing one of 
the methyl groups at the meso-position by sulfur containing pendent arms.
Proton NMR studies in CD3CN (Table 3.16) and d6-DMSO (Table 3.17) at 298 K show 
that, among the investigated anions (tetra-n-butylammonium as counter-ion), only 
significant chemical shift changes in the pyrrolic(l) and aromatic(4) protons are observed 
by the addition of F' to the ligand in these solvents. It was found that the addition of
119
Chapter Three Results & Discussion
increasing amounts of Cl', B r, I' and H2POT anion salts to CP(VI) in CD3CN and d6- 
DMSO caused no changes in the NMR spectra of this ligand in this solvent. However the 
disappearance of the Hn signals in the spectrum involving the F' anion prevented the 
calculation of the A8 values for this proton with this anion in these solvents. These findings 
provide a clear indication that CP(VI) interacts with the F' anion via hydrogen bond 
formation through the NH groups of the pyrrole units.
As far as metal cations are concerned, the chemical shift changes that protons (1-8) 
undergo after addition of the metal cation salts (as perchlorates) to CP(VI) in CD3CN are 
reported in Table 3.16. No significant chemical shift changes were observed upon the 
addition of alkali, alkaline-earth and transition metal cations to the ligand in this solvent. 
Significant chemical shift changes were only observed by the addition of Ag+ and Hg2+ (as 
perchlorates) to CP(VI) in CD3CN. For the Ag+-CP(VI) and Hg2+-CP(VI) complexes in 
CD3CN, significant deshielding effects are observed for H-5, 6 and 7 suggesting that 
complexation occurs through the sulphur atoms of the pendant arms. The small chemical 
shift changes (Table 3.17) recorded upon the addition of the metal ion salts to the ligand 
solution in d6-DMSO suggest the absence of interaction of the metal cations with this 
ligand.
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Table 3.16 !H NMR chemical shift changes for CP(VI) upon the addition of anion and 
metal cation salts in CD3CN at 298 K
A5(ppm)
Metal Cations
■0.01-0.05 -0.01-0.01 0.00 -0.01 0.004 I 0.045
0.010.01 -0.01Na' - 0.02 -0.06 -0.01 0.00 -0.01
-.01- 0.02 -0.06 0.01 -0.01 0.00 -0.01 -0.01
0.00Rb' -0.01 0.00 0.00-0.03 0.00 0.00 0.00
0.00■0.02 0.00 -0.01 -0.01 -0.01-0.01 0.01
0.01-0.01- 0.02 -0.04 0.00 -0.03 0.00 -0.01
.2+ 0.000.00 -0.01-0.01 -0.03 0.00 0.00 0.00
0.000.00 0.00 0.00-0.01 -0.04 0.00 0.00
0.090.23-0.01 0.00 0.00 0.08 0.250.01
0.00-0.01Cd -0.05 0.00 0.01 0.00 0.01- 0.02
.2+ 0.000.00 0.00 0.00 0.00- 0.02 -0.03 0.02
.2+ 0.160.07 0.40 0.33-0.01 -0.03 0.05 0.15
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Table 3.17 NMR chemical shift changes for CP(VI) upon the addition of anion and 
metal cation salts in d6-DMSO at 298 K
A8(ppm)
Free Ligand
5.94 i 9.43 1.194.02 2.81 2.59
Anions
- 0.11 -0.16 -0.24 -0.04 i -0.01 - 0.02
c r 0.00 0.00 -0.05 - 0.01 -0.03
0.00 0.00Br- 0.00 0.01 0.00 - 0.02
0.00 0.00 0.00 - 0.01 0.00 0.00 - 0.01
-0.03 -0.08 0.00 -0.03
Metal Cations
.+ 0.00- 0.01 - 0.02 0.00 -0.007 0.000.00 0.04
- 0.01Na - 0.01 - 0.02 0.01 0.00- 0.010 - 0.01 - 0.01
-0.013-0.04 - 0.02 -0.014- 0.01 0.00 - 0.01 - 0.01
Rb 0.01-0.04 0.00 0.0030.00 0.01 0.00 0.00
0.00- 0.02 0 .0 0 , -0.004 0.00Mg' - 0.01 - 0.01 -00
0.00- 0.01 - 0.02 - 0.01 -0.031 0.00 - 0.01 - 0.01
0.00- 0.01 -0.007- 0.01 - 0.02 0.00 0.00 - 0.01
0.00-0.04 0.00 -0.005 0.00 0.00 0.00- 0.01
0.030.030.00 0.004 0.01 0.030.01 - 0.01
- 0.010.00 -0.009 - 0.01- 0.01 -0.04 0.00 0.00
- 0.010.00 - 0.002 0.00 0.01- 0.01 -0.03 0.01
0.04- 0.02 - 0.01 0.04 - 0.02- 0.01 0.01 0.05
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To further investigate the complexation of Hg2+ and CP(VI) in solution, *H NMR 
titrations were conducted. Thus CP(VI) was titrated with mercury(II) perchlorate in 
CD3CN at 298 K. Chemical shift changes with respect to the free ligand in CD3CN are 
reported as a function of Hg(II)/CP(VI) mole ratio (Fig. 3.11). The most significant 
chemical shift changes are observed to the methylene protons (H-6 and H-7) next to the 
sulfur atom. However, the changes observed in the methylene protons (H-5 and 8) are 
less significant than those of H-6 and 7. On the other hand, insignificant changes are 
detected for other protons (H-l - H-4) indicating that the chemical environment of these 
protons are not affected by the complexation of CP(VI) with the Hg(II) cation in 
acetonitrile. During the process of complexation, these protons (H-5 -  H-8) are 
deshielded. The results show that the complexation is fast on the NMR time scale and 
furthermore suggests that the Hg(II) cation interacts with CP(VI) through the sulfur donor 
atoms of the pendant arm. Inspection of Fig. 3.11 gives preliminary knowledge about the 
stoichiometry of the complex which appears to be 1:2 (CP(VI)/Hg2+) mole ratio. This fact 
is reflected in the shift observed in the resonance values of the methylene protons (6 and 
7) close to the sulfur atom.
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0.00 0.50 1.00 1.50 2.00 2.50 3.00
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+  4 
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X 7
♦  8
Hg(II)/CP(VI)
Fig. 3.11 *H NMR titration plot of CP(VI) with mercury (II) in CD3CN at 298 K.
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3.4.6. rH NMR Measurements of CP (VII) with Anions and Metal Cations in 
CD3CN and d6-DMSO at 298 K
The study of complexation of CP(VII) with F", Cl', Br', F, H 2 PO 4 '  and HSO 4 ' as tetra-n- 
butylammonium salts in CD 3 CN (Table 3.18) indicated that CP(VII) interacts uniquely 
with F*. No significant chemical shift changes were observed by the addition of Cf Br', I' 
and H2PO 4 '  to this ligand.
The downfield chemical shifts of the pyrrolic protons (NH) indicate that the fluoride 
anion tends to interact with CP(VII) via this group thus producing a deshielding effect on 
this proton.
Inspection of the difference in the chemical shift values in Table 3.18 reveals that 
receptor CP(VII) interacts with Hg2+ through the sulphur donor atoms as the thiophene 
protons were deshilded (A8 = 0.47 ppm) upon complexation. The significant chemical 
shift changes observed for the pyrrolic protons (A8 = 0.20 ppm) are attributed to the 
change in the conformation of CP(VII) upon complexation with the Hg(II) cation in 
CD3CN.
On the other hand, the resonance value for the NH group of CP(VII) is not reported due 
to the broadness of its peak. This observation indicates that Hg2+ is not bonded through 
the NH binding site; if it was then the NH resonance would not be observed in the [H 
NMR spectrum124.
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Table 3.18 [H NMR chemical shift changes for CP(VII) upon the addition of anion and 
metal cation salts in CD3CN at 298 K
-
2 1 
" f l V I  ”
N
H
- A8(ppm)
4S |^6 
4 5 H! ! »2I1
h 4
j
H 3
Free ligand 1.55 5.76 6.58 7.55
Anions
F -0.02 -0.09 0.01 0.31
Cl* -0.01 0.01 0.00 0.00
I* -0.01 0.00 0.00 0.01
Br' -0.01 0.02 0.00 0.01
Metal Cations
Li+ 0.00 0.00 0.00 0.01
Na+ 0.00 0.01 0.01 0.02
K+ 0.00 0.00 0.00 0.01
Cs+ 0.00 0.00 0.00 0.02
Mg2+ 0.00 0.01 0.00 0.02
Ca2+ 0.00 0.01 0.00 0.02
Sr2* -0.01 0.00 0.00 0.02
Ba2+ 0.00 0.01 0.00 0.02
Ag+ 0.01 0.03 0.01 0.01
Cd2+ 0.00 0.01 0.00 0.00
Zn2+ 0.01 0.00 -0.01 0.01
Pb2+ -0.01 -0.01 0.00 0.00
Hg2+ 0.01 0.20 0.47
Having established the solvent-ligand interactions in non-aqueous solvents and assigned 
the sites of interactions for calix[4]pyrrole derivatives with ionic species, conductance 
measurements were carried out in order to determine the composition of the ionic 
complexes and to gain semi-quantitative information regarding the strength of 
complexation of these ligands with a given ionic guest in a given medium. The results are 
discussed in the following Section.
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3.5. Conductometric Measurements
Conductance measurements have proved to be useful for:
i) Establishing the concentration range over which the free and complex 
electrolytes are predominantly as ionic species in solution.
ii) The determination of the composition of the ionic species complexes.
i) Examining the neutrality of the receptors in solvents of interest.
ii) Gaining semi-quantitative information regarding the strength of the
complexation of the ligands of interest with a given cation or anion in a given
medium. Furthermore quantitative information on log Ks values of 
complexation process can be obtained from conductance measurements.
iii) Providing information about the kinetics of the complexation process taking 
place in solution.
As far as the determination of the composition of the complex is concerned, this can be 
obtained from the variation of electrical conductance of an ionic solution titrated with a 
solution of the neutral receptor as a result of the different mobilities of the species in 
solution. Plots of molar conductances, Am, against the ratio of the concentrations of the 
receptor and ionic guest can provide useful information regarding the strength of guest- 
host interactions. In fact, several conclusions can be drawn from the shape of the 
conductometric titration curves:
a) Plots with a small slope, showing no change in the gradient indicate that little or no
complexation has occurred.
b) Plots with a well-defined change in the curvature at the stoichiometry of the
complex, indicates moderate complexation.
c) If a sharp break is observed (Two straight lines intersecting at the stoichiometry of
complex), this corresponds to the formation of a highly stable complex.
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3.5.1. Determination of the Constant of the Conductivity Cell
The cell constant was determined using the method previously described in Section 2.8.3. 
To calculate the cell constant, ^ (cm '1), and conductance of de-ionized water in the vessel 
(20 cm3), the concentration of KC1 (c = 0.1 mol.dm'3) and the volume added of the salt 
solution were considered.
Thus the final concentration of KC1, C2 (mol.dm'3) in the vessel was calculated using eqn. 
3.6
_ c1xVL
V,
(eqn. 3.6)
In this equation V2 (ml) is the total volume of solution in the cell after each addition. Vi is 
the initial volume (ml) of the solution of KC1 in the reaction vessel.
Table 3.19 shows the calculated molar conductances and the cell constant at 298.15 K.
Table 3.19 Conductance data of an aqueous solution of KC1 at 298.15 K for the 
calculation of the cell constant 0 (cm”1).
Am (S.cm2.mol*1) 0 (cm”1)
147.49 1.16
146.70 1.09
146.11 1.04
145.62 1.00
145.20 1.00
144.82 0.99
144.48 0.99
144.17 0.99
143.88 0.98
143.61 0.98
The average value for the cell constant 0 (cm *) was 1.00 ± 0.05.
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3.5.2. Conductometric Titrations of Anions (as tetra-n-butylammonium salt) with 
CP (I) in Dimethyl sulfoxide at 298.15 K
The concentration range over which the free electrolytes are predominantly as ionic 
species in solution was established by Danil de Namor and coworkers31’125. These require 
very accurate measurements of conductance carried out at different ionic strengths of the 
electrolyte under study. Molar conductances are then plotted against the square root of 
the ionic strength of the electrolyte, I1/2. A representative example is shown in Fig. 3.12, 
where the molar conductance of the fluoride salt (tetra-n-butylammonium as counter ion) 
is plotted against the square root of the ionic strength of the electrolyte. It should be noted 
that for a 1:1 electrolyte and provided that this is the only species in solution, the ionic 
strength, is equal to the molar concentration. This plot shows that the behaviour of these 
salts is typical of the behaviour of strong electrolytes126,127.
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Fig. 3.12 Molar conductance of tetra-n-butylammonium fluoride as a function of the 
square root of the ionic strength in dimethyl sulfoxide at 298.15 K.
As far as the composition of the complex is concerned, conductance measurements in 
acetonitrile and N,N-dimethylformamide31’128 show that CP(I) forms a 1:1 (X7CP(I)) 
complex with anions (X' = F', CF, and Br') at 298.15 K. On the hand, no conductance
y=  -500.71x+ 36 
R2 = 0.99
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measurements have been conducted previously in these solvents to study the 
complexation of metal cations with the parent calix[4]pyrrole, CP(I).
Therefore, the conductometric titration of CP(I) with Hg(II) cation in acetonitrile was 
performed in order to corroborate the results obtained from proton NMR investigations 
and for comparative purposes with other calixpyrrole derivatives. Very small changes in 
conductance and no slopes were observed for the titration involving Hg(II) cation and 
CP(I) in acetonitrile as shown in Fig. 3.13 . This reflects that very little or no 
complexation is taking place between this ligand and Hg(II) in this solvent. This result is 
in excellent agreement with the !H NMR findings where no significant chemical shift 
changes were observed upon the addition of Hg(II) cation into a CP(I) solution in 
acetonitrile. It should be noted that the molar conductance values at infinite dilution for 
the mercury and silver (perchlorate as counter-ion) investigated in this work in
o
acetonitrile are within the range expected as compared with the A m values reported in the
literature125,129. These are 342.17 and 186.69, (S cm2 mol'1) for Hg2+ and Ag+ cations 
respectively.
350 n
330 -
270 -
250
0.00 0.50 1.00 2.001.50
[CP(I)]/[Hg2+]
Fig. 3.13 Conductometric curve for the titration of Hg(II) (perchlorate as counter-ion) 
with CP(I) in acetonitrile at 298.15 K.
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As far as anions are concerned, conductometric titrations were performed to determine 
the composition of their complexes in dimethyl sulfoxide at 298.15 K. In accordance with 
the chemical shift changes observed in the NMR spectra by the addition of these anion 
salts to CP(I) in d6-DMSO, conductance measurements indicate that the ligand is able to 
discriminate among the halide anions following the same sequence as that observed in the 
lH NMR studies. The well-defined change in the curvature of the titration curves upon 
the addition of CP(I) to solutions contains F' or C1‘ anions suggests that moderate 
complexes are formed between these anions and CP(I) in this solvent (Figs. 3.14-3.15). 
No changes in the slope of the titration curves were observed by the addition of the ligand 
to solutions containing other halide anions (Fig. 3.16). These findings indicate that a 
weak or no interaction is taking place between the ligand and Br’ and I' anions in 
dimethyl sulfoxide.Tables 3.20 - 3.22 detail conductometric data for the interaction of 
CP(I) with F’, CFand Br’ anions in dimethyl sulfoxide at 298.15 K. The respective 
titration curves are shown in Figs 3.14 -3.16.
The conductometric titration curves of F' and CF anions with CP(I) show a decrease in 
the molar conductance of the complexes. This decrease in the conductance is attributed to 
the large size of the complexed anion as compared with that of the free anion.
It can be observed that the conductometric titration curves of F’ and CF with CP(I) in 
dimethylsulphoxide media at 298.15 K show a clear break at 1:1 (CP(I)/F‘) 
stoichiometry. This suggests the formation of relatively moderate complexes.
The conductometric titration curve of CP(I) with the bromide anion (Fig. 3.16) does not 
show any significant change in curvature suggesting that the interaction of this ligand 
with bromide in this solvent is very weak or non existent.
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Fig. 3.14 Conductometric curve for the titration of fluoride (tetra-n-butylammonium 
counter-ion) with CP(I) in dimethyl sulfoxide at 298.15 K
Table 3.20 Conductometric titration data for tetra-n-butylammonium fluoride with CP(I) 
in dimethyl sulfoxide at 298.15 K.
[CP(I)]/[F‘] (s . J m orl) [CP(I)]/[F] (S .c m W > )
0.00 36.60 1.00 30.11
0.07 35.86 1.07 29.91
0.13 35.17 1.13 29.76
0.20 34.54 1.20 29.61
0.27 33.92 1.27 29.28
0.33 33.46 1.33 29.25
0.40 32.94 1.40 29.16
0.47 32.49 1.47 29.06
0.53 32.04 1.53 28.98
0.60 31.68 1.60 28.91
0.67 31,35 1.67 28.85
0.73 31.03 1.73 28.85
0.80 30.76 1.80 28.81
0.87 30.52 1.87 28.77
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Fig. 3.15 Conductometric curve for the titration of chloride (tetra-n-butylammonium 
counter-ion) with CP(I) in dimethyl sulfoxide at 298.15 K
Table 3.21 Conductometric titration data for tetra-n-butylammonium chloride with CP(I) 
in dimethyl sulfoxide at 298.15 K.
[ c P d M c n  (Sxm^ morl) [ c P d M c n  (Sx^ morl)
0.00 38.18 1.03 28.97
0.07 37.04 1.09 28.69
0.14 36.05 1.16 28.48
0.21 35.05 1.23 28.27
0.27 34.25 1.30 27.82
0.34 33.69 1.37 27.76
0.41 32.96 1.44 27.64
0.48 32.32 1.50 27.49
0.55 31.68 1.57 27.39
0.62 31.17 1.64 27.29
0.68 30.71 1.71 27.19
0.75 30.26 1.78 27.19
0.82 29.89 1.85 27.13
0.89 29.55 1.91 27.07
0.96 29.20 1.98 27.02
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Fig. 3.16 Conductometric curve for the titration of bromide (tetra-n-butylammonium 
counter-ion) with CP(I) in dimethyl sulfoxide at 298.15 K
Table 3.22 Conductometric titration data for tetra-n-butylammonium bromide with CP(I) 
in dimethyl sulfoxide at 298.15 K.
[CP(I)]/[Bf] Am(S.cmlmof1)
0.00 30.83
0.14 31.00
0.29 31.17
0.43 31.34
0.57 31.50
0.71 31.67
0.86 31.85
1.00 32.03
1.14 32.21
1.28 32.38
1.43 32.55
1.57 32.75
1.71 32.95
1.85 33.14
2.00 33.33
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3.5.3. Conductometric Titrations of Anions (as tetra-n-butylammonium salts) and 
Metal Cations (as perchlorate salts) with CP (II) in Non-Aqueous Solvents at
298.15 K
Conductometric titrations were performed in non aqueous solvents in order to assess the 
medium effect on the complexation process. The investigation was carried out in 
acetonitrile, N,N-dimethylformamide, dimethyl sulfoxide and propylene carbonate. 
However the choice of acetonitrile, propylene carbonate and N,N-dimethylformamide as 
solvents was due to the fact that they have relatively high dielectric constants (36.0, 64.9 
and 36.7 at 298.15 K130). As such, the formation of ion-pairs in these solvents is unlikely 
to occur when low salt concentrations are involved. On the other hand N,N- 
dimethylformamide, dimethyl sulfoxide are dipolar aprotic solvents containing oxygen 
atoms with de-localized negative charge, hence rendering them relatively basic. 
Therefore these are expected to be weak anion solvators and as such these offer a suitable 
medium for anion complexation.
3.5.3.I. Conductometric Titrations of Anions (as tetra-n-butylammonium salts) and 
Metal Cations (as perchlorate salts) with CP (II) in Acetonitrile at 298.15 K
(i) Interaction of CP(II) with Anions
CP(II) showed a similar behaviour in terms of anion selectivity in the conductometric 
titration curves as that of CP(I)31’40 at 298.15 K as shown in Figs. 3.17 - 3.20. 
Corresponding tables for conductometric titration data are presented in Appendix B.
The complexation of F' with CP(II) in acetonitrile showed that the titration curve is the 
result of a combination of two linear segments intersecting at the reaction stoichiometry 
of 1:1 (Fig. 3.17), indicating that a strong complex is formed between this ligand and the 
fluoride anion in this solvent. The slope of the curvature is gradually changing in the case 
of chloride and bromide while a complex of 2:1 stoichiometry (Fig. 3.20) was formed 
between H2PO4' and CP(II) in this solvent. Very little changes in conductance were 
recorded and no .slopes were observed for titrations involving iodide, nitrate, perchlorate
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and hydrogen sulphate anions in this solvent (see Appendix B). This suggests the absence 
of interactions between this ligand and these anions in this solvent.
To examine the effect of the presence of one thiophene ring in the hybrid calixpyrrole, 
CP(II), its conductometric titration plots were compared with those of calix[4]pyrrole 
CP(I), in acetonitrile at 298.15 K. For the latter ligand, a stronger break in the curvature 
of the titration curves relative to the former was observed upon complexation with 
anions. !H NMR and conductometric studies show that CP(II) has a lower affinity for the 
halide anions than CP(I) in acetonitrile. Unlike CP(I) which shows a complex of 1:1 
(CP(I): H2PO4') stoichiometry in acetonitrile at 298.15 K, CP(II) shows a 2:1 (CP(II): 
H2PO4") complex in this solvent.
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Fig. 3.17 Conductometric curve for the titration of fluoride (tetra-n-butylammonium 
counter-ion) with CP(II) in acetonitrile at 298.15 K
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Fig. 3.18 Conductometric curve for the titration of chloride (tetra-n-butylammonium 
counter-ion) with CP(II) in acetonitrile at 298.15 K
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Fig. 3.19 Conductometric curve for the titration of bromide (tetra-n-butylammonium 
counter-ion) with CP(II) in acetonitrile at 298.15 K
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Fig. 3.20 Conductometric curve for the titration of dihydrogen phosphate (tetra-n- 
butylammonium counter-ion) with CP(II) in acetonitrile at 298.15 K
(ii) Interaction of CP(II) with Metal Cations
As far as metal cations are concerned, the titration curve of the Hg(II) cation with CP(II) 
in acetonitrile showed a well-defined change in the curvature at the stoichiometry of the 
reaction (Fig. 3.21) suggesting the formation of a moderate stability complex. Therefore 
the point of intersection corresponding to the stoichiometry of the reaction is obtained by 
extrapolating the slope of the curve at low and high ligand/ mercury cation ratios to give 
a 1:2 (CP(II)/Hg(II)) complex. However no significant changes in molar conductances 
were observed for all other metal cations under investigation (Appendix B).
Unlike CP(I) which shows no interaction with Hg(II), NMR and conductance 
measurements show that CP(II) is able to interact with the Hg(II) cation in acetonitrile. 
Therefore a reduction in the number of pyrrole units (with NH groups as sites of 
interactions) by one unit in CP(I) decreases the affinity of this ligand to target anions
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although the same selectivity sequence as that observed for CP(I) was maintained. 
However the introduction of one thiophene ring with a soft donor atom enables the 
calixpyrrole macrocycle, CP(II), to interact with the Hg(II) cation in acetonitrile relative 
to CP(I) in the same solvent.
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Fig. 3.21 Conductometric curve for the titration of Hg(II) (perchlorate counter-ion) with 
CP(II) in acetonitrile at 298.15 K
3.5.3.2. Conductometric Titrations of Anions (as tetra-n-butylammonium salts) and 
Metal Cations (as perchlorate salts) with CP (II) in N,N-dimethylformamide 
at 298.15 K
As far as N,N-dimethylformamide is concerned, changes in the slope of the 
conductometric titration curve were only observed for the fluoride and chloride anions 
(Figs.3.22 - 3.23) . No changes were observed by the addition of the ligand to solutions 
containing Br", I", -NCV, CKV, H 2 PCV and HSO 4 " anions. The selective interaction of 
CP(II) with fluoride and chloride anions in this solvent is attributed to the solvation of the 
ligand in this solvent and this will be discussed in the next Sections.
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Fig. 3.22 Conductometric curve for the titration of fluoride (tetra-n-butylammonium 
counter-ion) with CP(II) in N,N-dimethylformamide at 298.15 K
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Fig. 3.23 Conductometric curve for the titration of chloride (tetra-n-butylammonium 
counter-ion) with CP(II) in N,N-dimethylformamide at 298.15 K
Insignificant changes in the conductance were observed for the titrations of CP(II) with 
metal, cations (alkali, alkaline-earth, heavy and transition metal cations) in N,N-
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dimethylformamide at 298.15 K (Appendix B). This indicates the absence of interaction 
of this ligand with metal cations in this solvent.
3.5.3.3. Conductometric Titrations of Anions (as tetra-n-butylammonium salts) and 
Metal Cations (as perchlorate salts) with CP (II) in Dimethyl sulfoxide at
298.15 K
In dimethyl sulfoxide, complexation was only observed with the fluoride anion. The 
conductometric titration curve (Fig. 3.24) for the fluoride anion and CP(II) in this solvent 
displays a more continuous variation in the conductance with an increase in the 
concentration ratios. Thus the point of intersection which corresponds to the formation of 
a 1:1 (ligand : anion) complex was determined by extrapolating the slopes curvature at 
high and low anion/ligand mole ratio.
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Fig. 3.24 Conductometric curve for the titration of fluoride (tetra-n-butylammonium 
counter-ion) with CP(III) in dimethyl sulfoxide at 298.15 K
Slight (or zero) slopes without any indication of a change in gradients at any given molar 
ratio were found for Cl*, Br*, I*, NO3*, CKV, H2PO4' and HSO4" in dimethyl sulfoxide at
298.15 K (Appendix B).
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Both !H NMR and conductance measurements provide a substantial evidence of the 
ability of CP(II) to complex anions in one solvent relative to another. The most striking 
feature of these data is that the hosting ability of CP(II) for anions appears to be 
controlled by the media. While in acetonitrile, CP(II) is able to interact with halides and 
dihydrogen phosphate anions, its ability in N,N-dimethylformamide is reduced to fluoride 
and chloride anions. However in moving from these two solvents to dimethyl sulfoxide, 
the ability of this ligand to undergo anion complexation is limited to the fluoride anion.
As far as metal cations are concerned, very little changes in molar conductance were 
recorded and no slope was observed for alkali, alkaline-earth, heavy and transition metals 
in dimethyl sulfoxide at 298.15 K (Appendix B). These observations provide a strong 
indication that very weak or no complexation occurs with these metal cations and CP(II) 
in this solvent.
3.5.3.4. Conductometric Titrations of Anions (as tetra-n-butylammonium salts) and 
Metal Cations (as perchlorate salts) with CP (II) in Propylene Carbonate at
298.15 K
In propylene carbonate, the behavior observed in the conductometric titration curves for 
halide anions was similar to that in acetonitrile where moderate complexes of 1:1 
stoichiometry are found between CP(II) and fluoride, chloride and bromide anions. The 
titration curves of F', Cl' and Br* anions are shown in Figs. 3.25-3.27 respectively. The 
complexation of CP(II) and H2PO4' anion in propylene carbonate results in the formation 
of a 1:1 (ligand : anion) complex. This was determined by extrapolating the slopes 
curvature at high and low anion/ligand mole ratio (Fig. 3.28). The decrease in 
conductance observed by the addition of CP(II) to these anions in this solvent is due to 
the size effect in moving from the free to the complex (larger) anion. No changes were 
observed in the slope of the plot of Am against CP(II)/X' mole ratio by the addition of 
anion salts (T, NO3', CKV and HSO4') in this solvent (Appendix B).
However in moving from acetonitrile to propylene carbonate the composition of the 
complex with H2PO4* is altered from a 2:1 to a 1:1 CP(II)/H2P04' mole ratio as shown in
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Fig. 3.28. These results demonstrate the striking effect of the solvent on the complexation 
of CP(II) and anions.
As far as metal cations are concerned, no changes in the slope of the titration curves were 
observed for alkali, alkaline-earth, heavy and transition metal cations in propylene 
carbonate at 298.15 K (Appendix B). This indicates the absence of interaction between 
CP(II) and metal cations in this solvent.
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Fig. 3.25 Conductometric curve for the titration of fluoride (tetra-n-butylammonium 
counter-ion) with CP(II) in propylene carbonate at 298.15 K
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Fig. 3.26 Conductometric curve for the titration of chloride (tetra-n-butylammonium 
counter-ion) with CP(II) in propylene carbonate at 298.15 K
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Fig. 3.27 Conductometric curve for the titration of bromide (tetra-n-butylammonium 
counter-ion) with CP(II) in propylene carbonate at 298.15 K
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Fig. 3.28 Conductometric curve for the titration of dihydrogen phosphate (tetra-n- 
butylammonium counter-ion) with CP(II) in propylene carbonate at 298.15 K
3.5.4. Conductometric Titrations of Anions (as tetra-n-butylammonium salt) and 
Metal Cations (as perchlorate salt) with CP (III) in Non-aqueous Solvents at
In acetonitrile, conductometric titration curves of CP(III) with anions (F', Cl', Br*, I', NO3' 
, CIO4', HSO3' and H2PO4') do not show any significant change in curvature suggesting 
that hardly any interaction occurs between this ligand and these anions in acetonitrile at
298.15 K (see Appendix B).A representative example for the conductometric titration 
curve involving the fluoride anion is shown in Fig. 3.29. No interactions were observed 
for CP(III) with anions in dimethyl sulfoxide. These results corroborate the data found in 
!H NMR investigations.
298.15 K
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Fig. 3.29 Conductometric curve for the titration of fluoride (tetra-n-butylammonium 
counter-ion) with CP(III) in acetonitrile at 298.15 K
On the other hand, among the metal cations investigated, a complex of 1:1 stoichiometry 
and moderate stability was found with the Hg(II) cation in acetonitrile at 298.15 K. This 
is reflected in the broad curvature in the slope of the titration plot shown in Fig. 3.30. The 
decrease in electrical conductance by the ligand addition demonstrates that the mobility 
of the complex cation decreases, which may be attributed to an increase in its size relative 
to that of the solvated free cation. Non-existing changes in the conductance were 
recorded for alkali, alkaline-earth and transition metal cations in acetonitrile and dimethyl 
sulfoxide at 298.15 K.
Noticeably, the replacement of two pyrrole units in CP(I) to produce thiophene hetero- 
calix[4]pyrrole, CP(III), with two sulfur atoms, inhibited the ability of the latter to 
complex anions and induced a unique interaction with the Hg(II) cation in acetonitrile. 
The specific interaction of CP(III) with this cation in this solvent is attributed to the 
presence of two alternative sulphur donor atoms in the framework of this macrocycle.
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Fig. 3.30 Conductometric curve for the titration of Hg(II) (perchlorate counter-ion) with 
CP(III) in acetonitrile at 298.15 K
3.5.5. Conductometric Titrations of Anions (as tetra-n-butylammonium salt) and 
Metal Cations (as perchlorate salt) with CP (IV) in Acetonitrile at 298.15 K
In acetonitrile, the conductometric titration curves for anions have shown the absence of 
complexation with CP(IV) where no changes in the slopes were observed (Appendix B). 
The same behavior was also found for the titration of CP(IV) with metal cations. On the 
other hand, the conductometric titration curve for Hg(II) cation and CP(IV) suggested the 
formation of a 1:1 complex of moderate stability in this solvent (Fig. 3.31). This 
stoichiometry is found as shown in this figure by extrapolation at low and high ligand to 
metal cation mole ratio. It is important to emphasize that the N-methyl substitution in 
CP(III) to yield CP(IV) does not alter the stability and the stoichiometry of the Hg(II) 
complex in acetonitrile. This result was also corroborated by *H NMR studies where the 
thiophene protons of the two ligands experienced the same chemical shift changes (A5 = 
0.33 ppm) upon complexation with the Hg(II) cation in this solvent.
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Fig. 3.31 Conductometric curve for the titration of Hg(II) (perchlorate as counter-ion) 
with CP(IV) in acetonitrile at 298.15 K
3.5.6. Conductometric Titrations of Anions (as tetra-n-butylammonium salts) and 
Metal Cations (as perchlorate salts) with CP (VI) in Non-Aqueous Solvents at
298.15 K
In a medium such as acetonitrile, the conductometric titration curve of tetra-n- 
butylammonium fluoride with CP(VI) shows a significant break at the 1:1 (ligand : 
anion) stoichiometry (Fig. 3.32). The conductometric titration curve shows a decrease in 
molar conductance in moving from the free to the complex anion. No changes in the 
molar conductances were observed by the addition of CP(VI) to tetra-n-butylammonium 
salts containing Cf, B r , I", H2PO4', HSOT, CKV and NO3' anions (Appendix B).
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Fig. 3.32 Conductometric curve for the titration of fluoride (tetra-n-butylammonium 
counter-ion) with CP(VI) in acetonitrile at 298.15 K
On the other hand, complexes of 1:1 and 1:2 (CP(VI): metal cation) ratio were observed 
for Ag+ and Hg2+ respectively in acetonitrile at 298.15 K.
Danil de Namor and coworkers previously demonstrated131,132 through conductance and 
calorimetric measurements that the partially fimctionalized thiocalix[4]arene with 
pendant arms analogous to CP(VI), forms a 1:1 complex with mercury (II) in acetonitrile. 
In fact the X-ray structure of the mercury(II) complex of thiocalixarene shows that this 
cation interacts with the two sulphur donor atoms of this ligand in a linear arrangement. 
Given the flexibility of the pendent arms in CP(VI), it seems reasonable to consider that 
each mercury(II) cation satisfies its linear arrangement by interacting with two sulphur 
atoms situated in adjacent positions.
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OH
Fig. 3.33 Thiocalixarene derivative
The ability of CP(VI) having four sulfur donor atoms in its pendent arms, to host two 
Hg2+ cations suggests the linear interaction of each of the Hg2+ cations with two of the 
four available sulfur atoms. This assumption could be justified by i) the ability of the 
calixarene derivative131 having two of the same pendent arms in its lower rim to interact 
with only one Hg cation in the same solvent, and ii) the crystal structure of mercury 
ethylmercaptide133 Hg(S.C2Hs)2 showing a linear arrangement between Hg(II) and the 
ethylmercaptide groups. Representative examples of conductometric titration curves for 
the complexation of CP(VI) with Ag+ and Hg2+ ions in MeCN are shown in Figs. 3.34 - 
3.35. Since the electrolyte was placed in the vessel and then it was titrated with the 
ligand, the decrease in the conductance is attributed to the large size of the complexed 
metal cation as compared with that of the free ion. Very little changes in conductance 
were recorded and no slopes were observed for titrations involving alkali, alkaline-earth 
and transition metal cations in this solvent. These findings were taken as indicative of 
absence of interactions between this ligand and these metal cations in this solvent.
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Fig. 3.34 Conductometric curve for the titration of Hg(II) (perchlorate counter-ion) with 
CP(VI) in acetonitrile at 298.15 K
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Fig. 3.35 Conductometric curve for the titration of Ag(I) (perchlorate counter-ion) with 
CP(VI) in acetonitrile at 298.15 K
In order to assess the medium effect on the complexation process, conductance 
measurements were carried out in dimethyl sulfoxide. Plots of molar conductance, Am, 
against the ratio of the concentration of the ligand and anion salt, derived from 
conductance values show no changes in the gradient upon titrating the ligand with Cf,
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Br', I" and H2PO4' indicating that little or no complexation has occurred. In the case of the 
fluoride ion however, a slight change in the slope of the conductometric titration curve 
was observed at the 1:1 ligandranion stoichiometry.
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Fig. 3.36 Conductometric curve for the titration of fluoride (tetra-n-butylammonium 
counter-ion) with CP(VI) in dimethyl sulfoxide at 298.15 K
No changes in the conductance were observed by the addition of the ligand to solutions 
containing alkali, alkaline-earth, heavy and transition metal cations (including Ag+ and
^  1 t
Hg ). These findings corroborate the H NMR investigations which showed that the 
addition of these cation and anion salts to CP(VI) in this deuterated solvent does not lead 
to changes in the chemical shifts of the ligand, suggesting that either very weak or no 
complexation takes place between this ligand and these metal cations and anions in this 
solvent.
On the basis of these results, it is concluded that the largest difference between the 
conductometric titrations of CP(VI) and metal cations in DMSO relative to MeCN is that 
no interaction was observed between this ligand and Ag+ and Hg2+ in DMSO, whereas in
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acetonitrile, CP(VI) formed a 1:2 ligand: cation complex with Hg2+ and a 1:1 complex 
with Ag+.
3.5.7. Conductometric Titrations of Anions (as tetra-n-butylammonium salts) and 
Metal Cations (as perchlorate salts) with CP (VII) in Non-Aqueous Solvents 
at 298.15 K
As far as the data in acetonitrile are concerned, a change in the curvature in the slope of 
the titration curve of the fluoride anion is observed. A complex of 1:1 stoichiometry is 
formed as shown by the extrapolation of the slope at low and high ligand to anion mole 
ratio (Fig. 3.37). This is indicative of the formation of a moderately stable fluoride 
complex. No changes were observed by the addition of CP(VII) to solutions containing 
Cl', Br', I ' , N 03\  CIO4", HSO4' and H2PO4' anions.
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Fig. 3.37 Conductometric curve for the titration of fluoride (tetra-n-butylammonium 
counter-ion) with CP(VII) in acetonitrile at 298.15 K
Conductometric titrations in acetonitrile showed that among the metal cations 
investigated, the complexation of the mercury (II) cation with CP(VII) in this solvent 
leads to a well-defined change in the curvature at the stoichiometry of the reaction 
suggesting the formation of a complex of moderate stability (Fig. 3.38). Therefore the 
point of intersection corresponding to the stoichiometry of the reaction is obtained by 
extrapolating the slope of the curve at low and high ligand / Hg(II) cation ratios to give a
152
Chapter Three Results & Discussion
2+ # 
1:1 CP(VII): Hg complex. No changes in conductance were observed when alkali,
alkaline-earth and transition metal cations were titrated with this ligand in this solvent at
298.15 K.
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Fig. 3.38 Conductometric curve for the titration of Hg(II) (perchlorate as counter-ion) 
with CP(VII) in acetonitrile at 298.15 K.
Conductometric titration curves for anions (F', Cl', Br', I' , NO3', CIO4', HSO4' and 
H2PO4') and metal cations (alkali, alkaline-earth and transition) in dimethyl sulfoxide 
indicate that weak or no complexation occurs with CP(VII) in this solvent as no changes 
in the conductance were observed by titrating the ionic solutions with this ligand.
Having determined the composition of the anion complexes with different ligands in 
different media and the speciation of the ionic species in solution, the following Section 
discusses the thermodynamics of complexation of these systems.
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3.6. Thermodynamics of Complexation
Thermodynamic parameters for the complexation of calixpyrrole ligands with ionic 
species were determined using the calorimetric technique (Tronac 450 and TAM) in order 
to investigate the stability and the enthalpy of complex formation of these systems in 
solvents of interest at 298.15 K. Calibration of these equipments will be presented in the 
next Sections prior to the discussion of the thermodynamics of ion complexation 
involving these macrocycles.
3.6.1. Calibration of the Calorimeter (Tronac 450)
The use of titration calorimetry requires the determination of the burette delivery rate 
(BDR) and the enthalpy of protonation of THAM [tris(hydroxymethyl)aminomethane] in 
HC1 at 298.15 K. The latter is the standard reaction105 currently used to check the 
reliability of the equipment.
3.6.1.1. Burette Delivery Rate (BDR)
The amount of titrant delivered by the burette in each titration was determined by 
following the procedure described in Section 2.9.2.1. A plot of volume of water against 
time is shown in Fig. 3.39. From the slope of the plot given below, the BDR (6.7 x 10'3 
ml.sec'1) was calculated.
y = 0.0067x + 0.0007 
R2 = 0.9995
0.40 i
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Time (sec)
Fig. 3.39 Plot of delivered volume (ml) of distilled water as a function of time (sec) for 
the determination of the BDR.
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The standard reaction for the protonation of THAM with HC1 aqueous solution is now 
discussed105.
3.6.1.2. Standard Reaction of Protonation of THAM with HC1 in Aqueous Medium 
at 298.15 K
The interaction of tris(hydroxymethyl)aminomethane with an excess of 0.1 M HC1 in 
aqueous medium is considered as a convenient calibration reaction for a rapid and 
moderately exothermic process. The procedure followed to determine the enthalpy of 
protonation of THAM using the Tronac 450 calorimeter is described in Section 2.9.2.2.
Table 3.23 summarizes the experimental results for the standard enthalpy of protonation, 
APH°, of THAM in an aqueous solution of 0.1 M HC1 at 298.15 K. Abbreviations are as 
follows,
V, is the volume (ml) of THAM titrated into the vessel containing the HC1 solution in 
each titration addition; Qr, Qh and Qp denotes the heat of reaction, hydrolysis and 
protonation of THAM respectively. The number of moles of THAM added is denoted by 
n. The average value obtained (-47.3 ± 0.3 KJ mol'1) is in good agreement with those 
reported in the literature134'136 (Table 3.24).
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Table 3.23 Data for the calculation of APH° of THAM with HC1 in water at 298.15 K 
from a titration experiment.
V (ml) QrW Qh(J) Qp(J) n (mol)
APH°
(kJ.mof1)
0.0219 -0.5176 -9.38 x 10*4 -0.5167 0.011 -47.14
0.0236 -0.5590 -1.01 xlO-4 -0.5580 0.012 -47.16
0.0263 -0.6211 -1.13 x lO*4 -0.6200 0.013 -46.95
0.0233 -0.5590 -1.00 xlO-4 -0.5581 0.012 -47.70
0.0217 -0.5176 -9.32 x 10*4 -0.5167 0.011 -47.43
0.0223 -0.5279 -9.55 xlO-4 -0.5270 0.011 -47.22
Table 3.24 Standard enthalpy of protonation of THAM in an aqueous solution of HC1 at 
298.15 K.
Authors APH° (kJ mol'1) Reference
Ojelund and Wadso -47.49 134
Eatough, Christensen, and Izatt -47.47 135
Wilson and Smith -47.49 136
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3.6.2. Standard Reaction for the Complexation of 18-C-6 with BaCl2 in Aqueous 
Medium at 298.15 K
The complexation of 18-C-6 with Ba2+ in water at 298.15 K was used as the standard 
reaction for the chemical calibration of the microcalorimeter as suggested by Briggner 
and Wadso1 n . The procedure was given in the Experimental Section 2.10.1.3.
The stability constant expressed as log Ks and derived standard Gibbs energy, ACG°, 
enthalpy, ACH° and entropy, ACS°, of complexation of 18-crown-6 and Ba2+ in water at
298.15 K obtained from microcalorimetric titrations are reported in Table 3.25 together 
with the values previously reported in the literature111.
Table 3.25 Thermodynamic parameters of complexation of Ba2+ with 18-C-6 in water at 
298.15 K.
log Ks ACG° (kJ mol'1) ACH° (kJ mol'1) ACS° (J mol’1 K '1)
3.79 ±0.03 -21.63 ±0.01 -32.12 ±0.08 -35.1
3.77 ± 0.01a -21.52 ±0.0a -31.4 ± 0.2a -33.2a
a Ref 111
Comparison of the values obtained from the microcalorimetric titration for the
^  l
complexation of 18-C-6 and Ba in water at 298.15 K show good agreement with those 
reported in the literature for the same process111.
Having determined the burette delivery rate and the reliability of both calorimeters 
through the determination of log Ks and ACH° values for the standard reactions, 
calorimetric titrations were carried out with the aim of obtaining quantitative information 
regarding the complexation processes involving calixpyrrole derivatives and ionic species 
in non aqueous media and these are reported in the following Sections.
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3.6.3. Thermodynamic Parameters of Complexation of CP(I) and Anions in 
Dimethyl sulfoxide at 298.15 K
Having established the sites of interaction of calixpyrrole 
derivatives with ionic species from proton NMR studies and the 
stoichiometry of the complexes in acetonitrile, N,N- 
dimethylformamide, dimethylsulfoxide and propylene carbonate 
at 298.15 K from conductance measurements, the 
thermodynamics of complexation of calix[4]pyrroles with anions 
and metal cations is now discussed.
NH
cpm
Titration calorimetry was used to obtain log Ks and ACH values and thus derive the 
thermodynamic parameters for the systems involved. Thus Table 3.26 reports the stability 
constants and derived standard Gibbs energies, enthalpies and entropies of complexation 
of calix[4]pyrrole and halide anions (F‘ and Cl’) in dimethyl sulfoxide (DMSO) at 298.15 
K. Thermodynamic parameters of complexation CP(I) with anions in acetonitrile and 
N,N-dimethylformamide at 298.15 K reported by Danil de Namor and M. Shehab31 are 
included in Table 1.4 (see Introducion).
Table 3.26 Thermodynamics of complexation 
dimethylsulfoxide at 298.15 K.
of CP(I) and halide anions in
Anion log Ks
ACG°
(kJ.mof1)
ACH°
(kJ.mof1)
ACS°
(J.mor1.K_1)
F 4.60 ± 0.02 -26.27 ±0.08 -29 ± 1 -11
c r 3.61 ±0.07 -20.6 ±0.4 -4.5 ± 0.3 54
The selectivity behavior of CP(I) for the halide anions demonstrated in acetonitrile and 
N,N-dimethylformamide was also observed in dimethyl sulfoxide. Nonetheless the 
fluoride and chloride complexes are less stable in the latter solvent relative to the former 
solvents. The lower stability observed for these systems in dimethyl sulfoxide is
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attributed to the capability of the ligand to enter hydrogen bonding with the basic oxygen 
atoms of the solvent (Table 3.1). On the other hand, the complexation of CP(I) in 
dimethyl sulfoxide (dipolar aprotic solvent) is limited to the fluoride and the chloride 
anions. This is attributed to the higher charge density of fluoride and chloride relative to 
other halide anions and hence stronger hydrogen bonding formed between this ligand and 
the former anions in dimethyl sulfoxide.
In acetonitrile the complexation processes of CP(I) with F' and C f are enthalpically 
controlled while in TV, TV-dimethylformamide, both the enthalpy and entropy of 
complexation contribute favorably to the Gibbs energy associated to these processes31.
As far as dimethyl sulfoxide is concerned, the complexation of CP(I) with the fluoride 
anion is enthalpically favored while in the case of the chloride anion, both the enthalpy 
and entropy contribute favorably to complex stability. However the process is 
entropically controlled. The difference in the ACS° values of the chloride anion with CP(I) 
in acetonitrile31 (-60 J mol*1 K'1) relative to dimethyl sulfoxide is attributed to the 
substantial gain in entropy of complexation in moving from acetonitrile to dimethyl 
sulfoxide (AtS° = 114 J mol'1 K '1).
3.6.4. Thermodynamic Parameters of Complexation of CP (II) with Anions in 
Acetonitrile, N,N-dimethyIformamide, Dimethylsulfoxide and Propylene 
Carbonate at 298.15 K
The first step in the thermodynamic characterisation of the complexation process is a 
clear definition and careful consideration of the process taking 
place in solution. Having determined the composition of the 
complex and the concentration range at which the metal ion137 
and anion31,40 salts are predominantly in their ionic forms in these 
solvents, the next step was the determination of the 
thermodynamic parameters of complexation of these systems by 
titration calorimetry. Thus the stability constants (expressed as 
log Ks), standard Gibbs energies, ACG° , enthalpies, ACH ° , and entropies, ACS° of
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complexation of CP(II) with halide and dihydrogen phosphate anions (tetra-n- 
butylammonium as counter-ion) in acetonitrile N, A-dimethylformamide, dimethyl 
sulfoxide and propylene carbonate at 298.15 K are reported in Table 3.27.
For the halide anions, the data are referred to the processes shown in eqn. 3.7
X-(s)+CP(II)(s) — > CP(II)X'(s) (eqn. 3.7)
where X' = F', Cl' or Br".
For H2PO4' in MeCN, a second process takes place as shown in eqn. 3.8
CP(II)X‘(s) + CP(II)(s) ----- ^ 2 — » CP(II>2 X"(s) (eqn. 3.8)
As far as halide anions are concerned, inspection of the thermodynamic parameters of 
complexation of CP(II) with these anions in acetonitrile, N, 77-dimethylformamide, and 
propylene carbonate shows that this ligand follows the following trend in terms of anion 
selectivity.
F > C F > B f
On the other hand, CP(II) exhibits a unique interaction with the F' anion in dimethyl 
sulfoxide. This result is corroborated by proton NMR and conductance measurements and 
is attributed to solvent-ligand interaction in DMSO.
Inspection of Table 3.27 reveals that the complexation of CP(II) with halide anions in 
acetonitrile and dimethyl sulfoxide is enthalpically favoured. As far as 
dimethylformamide is concerned, the complexation process of CP(II) with the F' anion is 
enthalpically and entropically favoured. However this process is entropically controlled. 
The same result is observed for the interaction of Br' and this ligand in propylene 
carbonate. For the F'-CP(II) system in PC, both the entropy and enthalpy contribute 
almost equally to the stability of the complex.
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Table 3.27 Thermodynamic parameters for the complexation of anions and CP(II) in 
acetonitrile, N,N-dimethylformamide, dimethyl sulfoxide and propylene carbonate at 
298.15 K
Anion CP(II):X* log Ks ACG / kJ mol*1
a ch 7
kJ mol*1
a cs 7
JK*1 mol*1
Acetonitrile
F* 5.25 ±0.01 -29.9 ±0.1 -31.5 ±0.1 -5
c r 4.15 ±0.07 -23.7 ±0.4 -51.7 ±0.5 -95
Br* 3.46 ±0.02 -19.7 ±0.1 -34.6 ±0.1 -49
H2P04' (1:1) 4.0 ±0.10 -22.7 ±0.1 -43.7 ±0.4 -70
(2 :1) 3.7 ±0.1 -21.2 ± 0.2 -17.8 ±0.1 11
N,N-dimethylformamide
F 3.71 ±0.02 -21.3 ±0.1 -9.2 ± 0.4 40
c r 3.48 ± 0.04 -19.8 ±0.2 -21.3 ±0.9 -5
Dimethyl sulfoxide
F" 2.12 ±0.07 -12.1 ±0.4 -24.5 ±0.3 -42
Propylene carbonate
F* 4.37 ± 0.02 -24.9 ±0.1 -13.5 ± 0.1 38
c r 4.0 ±0.1 -22.8 ± 0.6 -18.1 ± 0.2 16
B f 3.8 ±0.1 -21.6 ±0.5 -7.7 ± 0.4 46
H2P04' 4.2 ± 0.2 -24.1 ±0.3 -21.7 ±0.2 8
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It is interesting to compare the thermodynamic parameters for the complexation of the 
CP(II) with anions in acetonitrile and propylene carbonate. As can be seen, the selectivity 
trend observed for the halides in both solvents is the same, however, in acetonitrile the 
process is enthalpically driven, while in propylene carbonate, both entropy and enthalpy 
contribute to the Gibbs energy. The variations observed in the thermodynamics of 
complexation of these systems as a result of the medium effect are the result of the 
solvation changes that the reactants (anion and receptor) and the product (complex anion) 
undergo in moving from one medium to another40. This issue will be addressed in the 
next Sections.
The ability of CP(II) to discriminate between anions can be assessed by calculating the 
selectivity factor, which is defined as the ratio between the thermodynamic stability 
constant, K 0S of a given ligand and two ions in a given solvent and temperature as shown 
in eqn. 3.9.
^ = 4 ™  (eqn. 3.9)
W ' X s , )
Selectivity factors for CP(II) and anions in the various solvents are shown in Table 3.28 
using the fluoride anion as reference.
Table 3.28 Selectivity factor Sp. x_ of CP(II) for the fluoride anion relative to other
anions (X" = Cl", Br" and H2PO4') in acetonitrile (MeCN), N,N-dimethylformamide 
(DMF) and propylene carbonate (PC).
V/ X “
Anion MeCN DMF PC
F" 1 1 1
Cl" 13 2 2
Br" 62 — 4
H 2 PO4 - 19 — 1
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From this Table it can be concluded that CP(II) is more selective for fluoride relative to 
chloride, bromide and dihydrogen phosphate in acetonitrile by factors of 13, 62 and 19 
respectively. On the other hand this ligand is about twice more selective for the fluoride 
than the chloride anion in dimethylformamide and propylene carbonate. Furthermore a 
selectivity factor of about 4 is found for the fluoride relative to the bromide anion in 
propylene carbonate. On the other hand CP(II) exhibits a similar selectivity toward 
dihydrogen phosphate as for the fluoride anion in propylene carbonate.
Calculation of the selectivity factor of CP(II), SSi/S2 , for the anions in one solvent, si,
relative to another, S2, leads to the quantitative assessment of the medium effect on the 
complexation process. Thus the selectivity factor, SSi/s?, is shown in eqn. 3.10.
K j ™  e
Sl/S! K®(X")(s2)
Analysis of Table 3.29 shows that fluoride and chloride complexes are 
thermodynamically more stable in acetonitrile relative to other solvents. However, an 
equal or slightly lower stability is found for bromide and dihydrogen phosphate 
complexes in acetonitrile relative to propylene carbonate.
The selectivity of calixpyrrole, CP(I) and CP(II), for anions in a given medium (Receptor 
Effect) can be evaluated by calculating the selectivity factor, Scp(1ycp(n) , which is
defined as the ratio of stability constants involving two receptors and a given anion in a 
given solvent as shown in eqn. 3.11.
K?(CP(I))
cp(i)/cp(ii) k 6 (C P (II ) )
It can be inferred from an inspection of Table 3.30 that CP(I) is more selective for anions 
(F', Cl*, Br' and H2PO4') in acetonitrile, N,N-dimethylformamide and dimethyl sulfoxide 
at 298.15 K than CP(II). Thus the selectivity of CP(I) for the fluoride anion exceeds those
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of CP(II) in MeCN, DMF and DMSO by factors of 5, 428 and 2313 respectively (Fig.
3.40).
Table 3.29 Selectivity factor SS[/S2 of CP(II) for anions in acetonitrile (si) relative to
other solvents (S2 = N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and 
propylene carbonate (PC)) at 298.15 K.
Anion
^s,/s2
DMF DMSO PC
F" 32 8674 6
c r 7 — 2
Br" — — 4 x 10*1
H2PO4' — — 5 x 10'1
Table 3.30 Selectivity factor Scp(IyCp(II) of calix[4]pyrrole receptor CP(I) for anions
relative to another receptor, CP(II) (R2) in acetonitrile (MeCN), N,N-dimethylformamide 
(DMF), and dimethyl sulfoxide (DMSO) at 298.15 K.
Anion MeCN DMF DMSO
F 5 428 2313
Cl* 3 7 —
Br" 2 — —
H2P 0 4" 10 — —
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F~ (1.33) Cr (1.81) Br"(1.96)
Anion Size (A°)
■ CP(I)(MeCN) 
M CP(II)(MeCN) 
□ CP(I)(DMF)
S  CP(II)(DMF) 
m CP(I)(DMSO)
■ CP(II)(DMSO)
I* (2.20)
Fig. 3.40 Stability constants of CP(I) and CP(II) complexes in MeCN, DMF, and DMSO 
at 298.15 K as a function of anion size122.
The linearity in the relationship established between the stability constants ( as log Ks) of 
CP(I)-halide anions complexes and the changes in the chemical shift changes of the 
pyrrolic protons previously found are successfully applied for CP(II) complexes (Fig.
3.41). These findings clearly demonstrate the selective behaviour of these receptors for 
the fluoride anion. Within this context, a clear picture emerges from Fig. 3.42 which 
shows that there is a definite size effect in moving down the group. Inspection of this plot 
shows that as the ionic radius of the anion decreases, the stability of complex formation 
increases.
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Fig. 3.41 Linear relationship between log Ks and A8 (ppm) values for the pyrrolic proton 
of CP(I)40 and CP(II) in CD3CN at 298 K
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Fig. 3.42 Relationship between log Ks values of CP(II) in acetonitrile and propylene 
carbonate and the reciprocal of the anion radius
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In conclusion, the effect of the thiophene ring in CP(II) on the complexation 
thermodynamics of the system is assessed by comparing the data of both ligands (CP(I) 
and CP(II)).The most distinctive feature of the data is that the stability of anion-CP(I) 
complexes is greater than that for CP(II) in all solvents. It is reasonable to expect that the 
replacement of one pyrrole unit in CP(I) by a thiophene unit in CP(II) led to a decrease in 
the anion complex stability of the latter with respect to the former.
So by introducing one soft donor atom in the structure of CP(I), not only its affinity 
toward anions was reduced but also this ligand may be able to interact with metal cations 
and this is now discussed in the next Section.
3.6.5. Thermodynamic Parameters of Complexation of CP (II) with Metal Cations 
in Acetonitrile at 298.15 K
Solution calorimetry has been used to obtain thermodynamic parameters that provide 
quantitative information about the strength of the complexation process. The first step in 
the thermodynamic investigation of the complexation process is the formulation of an 
equation representing the binding process taking place in solution. Having determined the 
composition of the host-guest complex by conductometric titration, the next step was to 
establish that the free and complex mercury electrolytes are predominantly as ionic 
species in solution. Danil de Namor and Chahine137 have previously shown that in 
acetonitrile, the free and complexed salts exist in their ionic forms within the 
concentration range used for the determination of the thermodynamic parameters derived 
from titration calorimetry.
Conductance measurements show that CP(II) is able to host two mercury cations in 
acetonitrile. The unusual stoichiometry for this process led to explore another analytical 
methods to confirm these results. In this context, UV-Visible spectrophotometric138 and 
potentiometric titration139 measurements were carried out to determine the composition 
and stability constant of the complex. The results are presented in Figs. 3.43 and 3.44. 
Inspection of Fig. 3.43 (UV measurements) shows that, upon titration of CP(II) (in 
excess) with Hg(II) cation in acetonitrile, the reaction proceeds with the complexation of
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one Hg(II) cation by this ligand as the first break point is observed at the 1:1 
stoichiometry. Upon addition of an excess of the metal cation salt solution, the 2:1 
(Hg(II):CP(II)) complex is formed where a change in the curvature of titration curve is 
observed. This finding is corroborated by the noticeable change in curvature observed in 
the potentiometric titration curve at a ligand/Hg(II) mole ratio of 0.5, indicating the 
formation of a 1:2 CP(II):Hg(II) complex in this solvent. These results are in good 
agreement with the conductometric titration studies. In conclusion the three different 
approaches (conductance, potentiometric and UV measurements) undertaken to establish 
the composition of the mercury complex in acetonitrile unambiguously confirm that 
CP(II) hosts two units of mercury per unit of CP(II) in acetonitrile.
1.4 ±
0.9 -
0.7 - 
0.6 -
0.0 0.3 0.5 0.8 1.0 1.3 1.5 1.8 2.0 2.3 2.5 2.8 3.0 3.3 3.5
[Hg2+]/[CP(II)]
Fig. 3.43 Absorbances (at 215 nm) against mercury cation / CP(II) mole ratio in 
acetonitrile at 298 K.
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Fig. 3.44 Potential against CP(II) / mercury cation mole ratio in acetonitrile at 298 K.
For CP(II)-mercury ion complexation in acetonitrile at 298.15 K, the stability constant 
(expressed as log Ks), standard Gibbs energies, ACG°, enthalpies, ACH°, and entropies,
o
ACS , values as determined by titration calorimetry are listed in Table 3.31.
Table 3.31 Thermodynamic parameters for the complexation of Hg(II) (perchlorate as 
counter ion) and CP(II) in acetonitrile at 298.15 K.
Ligand (L:Hg2+) log Ks ASG°(kJmof1)
ASH°
(kJmol'1)
AsS°
(J mol'1 K '1)
CP(II) (1:1)
(1:2)
6.9 ± 0.1a
5.9 ± 0.1a
-39.1 ±0.5 
-33.6 ±0.4
-70.5 ± 0.7b -105
a Potentiometry Calorimetry
The enthalpy associated with the formation of a 1:1 (Hg(II)/CP(II)) in acetonitrile 
obtained from the calorimetric titration is reported in Table 3.31. On the other hand, 
during the course o f the reaction, no temperature change was traced by the chart 
recorded after the 1:1 (CP(II): Hg ) mole ratio complex was formed .This observation
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suggests that the second process for the complexation of CP(II) with Hg(II) in 
acetonitrile is entropically controlled and therefore it was not possible to derive the 
stability constant of this process by calorimetric titration. Consequently, the stability 
constant was obtained from potentiometric titrations. As far as the first process is 
concerned, the complexation of CP(II) with Hg(II) cation in acetonitrile is enthalpically 
controlled.
Since it was not possible to isolate suitable crystals of the mercury-CP(II) complex for X- 
ray diffraction studies, molecular modelling (using Hyper-Chem Lite computer program) 
was carried out in order to find the preferred geometry of lowest energy of this system. 
Based on the partition experiments, the possibility of CP(II) to be found in its dimeric 
form was excluded .As a result the geometry obtained for the lowest energy conformation 
of the free ligand was used as the starting structure. Energy minimization for various 
complex models was repeated several times to find the global minima. However it was 
not possible to unambiguously distinguish between the favourable complex structures, or 
to exclude the formation of any other models from the proposed ones. Therefore no 
explanation for this unusual complex composition can be offered at this stage and this 
should be explored in the future.
3.6.6. Thermodynamic Parameters of Complexation of CP(III) with Metal Cations 
in Acetonitrile at 298.15 K
*H NMR studies and conductance measurements show that CP(II) 
has no ability to interact with anions in acetonitrile and dimethyl 
sulfoxide. On the other hand, only the Hg(II) cation (from among 
all metal cations investigated) interacts with this ligand in this 
solvent.
The calorimetric titration experiments provided a clear evidence about 
the superior selectivity of CP(III) for the Hg(II) cation in acetonitrile.
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Thermodynamic parameters of complexation of CP(III) and the Hg(II) cation (perchlorate 
as counter-ion) in acetonitrile were determined using titration calorimetry at 298.15 K. 
These are reported in Table 3.32.
By examining the thermodynamic parameters of complexation of this ligand and the 
Hg(II) cation in acetonitrile (Table 3.32), it can be seen that the complexation process is 
enthalpically favoured; this implies that the main contributor to the stability of the 
process is the binding energy of the ligand with the metal cation in this solvent.
It can be clearly inferred that the orientation of the sulfur donor atoms in an alternative 
position in this ligand tuned the affinity of this derivative towards Hg(II) cation over 
other soft metal cations. Moreover, the reduction in the number of NH groups into two in 
CP(III) renders this ligand ineffective in targeting anions and hence the anion selectivity 
observed for CP(I) and CP(II) does not exist for CP(III).
Table 3.32 Thermodynamic parameters for the complexation of Hg(II) (perchlorate as 
counter ion) and CP(III) in acetonitrile at 298.15K.
Ligand (L:Hg2+) log Ks ASG°(kJmol'1)
ASH°
(kJmol'1)
AsS°
(J mol'1 K '1)
CP(III) (1:1) 4.00 ± 0.02 -22.6 ±0.1 -37.8 ±0.1 -51
3.6.7. Thermodynamic Parameters of Complexation of CP(IV) with Metal Cations 
in Acetonitrile at 298.15 K
Titration calorimetry was used to obtain log Ks and ACH° values 
and thus derive the thermodynamic parameters for the 
complexation of CP(IV) and the Hg(II) cation in acetonitrile at
298.15 K. Thus the stability constant (expressed as log Ks) and 
derived standard Gibbs energies, ACG°, enthalpies, ACH°, and
CP(IV)
entropies, ACS for this ligand and the Hg(II) cation in
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acetonitrile at 298.15 K are listed in Table 3.33.
Table 3.33 Thermodynamic parameters for the complexation of Hg(II) (perchlorate as 
counter ion) and CP(IV) in acetonitrile at 298.15K.
Ligand (L:Hg2+) log Ks ASG°(kJmol'1)
ASH°
(kJmol'1)
AsS°
(J mol'1 K*1)
CP(IV) (1:1) 3.85 ±0.01 -21.9 ±0.1 -17.6 ±0.1 15
The main purpose of the calorimetric titration data was to gain more information 
regarding the effect of substituting the hydrogen atom in the NH groups of CP(III) for a 
methyl group (CP(IV) and hence verify whether or not the NH groups play any role in the 
complexation process of mercury and the ligands. Therefore the thermodynamic 
parameters for the complexation of CP(IV) with the Hg(II) cation in acetonitrile are 
compared with those of the CP(III) complex in the same solvent at 298.15 K.
For the mercury complexes involving both ligands, CP(III) and CP(IV), the stability 
constants are approximately the same. On this basis, it is suggested that, the mercury 
cation is bonded to the ligands only through the sulphur atoms. The NH groups of the 
pyrrole units do not appear to take part in the complexation process. This result is in a 
good agreement with the proton NMR investigations where insignificant chemical shift 
changes were observed for the protons of the methyl group upon complexation of CP(IV) 
with the Hg(II) cation suggesting that the nitrogen atoms are not participating in the 
complexation process.
On the other hand, the enthalpy and entropy of complex formation of CP(IV) and Hg(II) 
in acetonitrile are different from those of the unsubstituted analogous ligand, CP(III). The 
striking thermodynamic feature is that the enthalpy of formation of the mercury-CP(IV) 
complex in acetonitrile is less exothermic than that of CP(III) complex. Within this
2 j %
context, it is interesting to point out that the complexation stability of CP(III) with Hg is
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totally enthalpy-driven affording a destabilizing ACS° value (-51 J mol'1 K'1). However, 
the similar complex stability obtained for the complexation of CP(IV) with Hg(II) cation 
is both enthalpically and entropically controlled (Table 3.33). Therefore the similar 
stability observed for these ligands and Hg2+ in acetonitrile is the result of an enthalpy- 
entropy compensation effect140.
Many unsuccessful trials were carried out to synthesize a new calixpyrrole derivative 
with three thiophene units in order to complete the series of replacement of pyrrole units 
and hence to be able to make comparison studies with the other calixpyrrole derivatives 
(CP(I), CP(II) and CP(III)). On the other hand, calix[4]thiophene has not been 
investigated for its affinity to metal cations due to its very low solubility in solvents of 
interest. Therefore another approach was followed and other sulfur containing 
calix[4]pyrrole receptors (CP(VI) and CP(VII)) were synthesized. The results of the 
calorimetric titrations are to be discussed in the next Sections.
3.6.8. Thermodynamic Parameters of Complexation of CP(VI) with the Fluoride 
Anion in Acetonitrile and Dimethyl sulfoxide and with Metal Cations in 
Acetonitrile at 298.15 K
Taking into account i) the composition of metal cation and anion 
complexes in acetonitrile and dimethyl sulfoxide as discussed 
above and ii) the concentration range at which the metal cations and 
anion salts are predominantly in their ionic forms in these 
solvent(s), the complexation process between CP(VI) and the 
anionic species X' is represented by eqn. 3.12.
X'(s) + CP(VT)(s):------------------- ►X'CP(VI) (s) (eqn. 3.12)
Similarly, thermodynamic data for the 1:1 complexation of metal 
cations, Mn+ and this ligand are referred to the process shown in 
eqn.3.13
CP(VI)
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M"+(s) + CP(VI) (s)----- :-------------►M"+ CP(VI) (s) (eqn.3.13)
For Hg in acetonitrile, a second process takes place as shown in eqn.3.14
Mn+(s) + Mn+ CP(VI) (s)-------------: ►M”  CP(VI)(s) (eqn.3.14)
Thus Table 3.34 lists stability constants (expressed as log Ks), derived standard Gibbs 
energies, ACG°, enthalpies, ACH°, and entropies, ACS°, of complexation of CP(VI) and the 
fluoride anion in MeCN and DMSO at 298.15 K. Thermodynamic parameters of 
complexation of the fluoride anion and CP(VI) in acetonitrile reflect that both, enthalpy 
and entropy contribute favorably to the Gibbs energy of the process. On the other hand 
the complexation process of the fluoride anion with CP(VI) in dimethyl sulfoxide is 
enthalpically controlled. The higher stability of the fluoride anion and this ligand in 
acetonitrile relative to dimethyl sulfoxide is mainly attributed to the entropy change in the 
former relative to the latter given that the complexation process is enthalpically more 
favored in dimethyl sulfoxide.
The absence of complexation between calixpyrrole, CP(VI), and other halide anions 
(chloride, bromide and iodide) may be attributed to the bulkiness of the pendent arm 
which might exercise some steric hindrance on the NH groups of the pyrrole rings and 
hence altering its binding ability.
Table 3.34 Thermodynamic parameters for the complexation of fluoride (tetra-n- 
butylammonium as counter ion) and CP(VI) in acetonitrile at 298.15K. Selectivity factor 
SSi/s2 of CP(VI) for fluoride anion in acetonitrile (si) relative to dimethyl sulfoxide (S2).
Acetonitrile
(L:F) log Ks ASG° (kJ mol'1)
ASH° 
(kJ mol'1)
AsS°
(J mol'1 K '1) Ss,/s2
(1:1) 4.81 ±0.06 -27.5 ± 0.3 -16.4 ±0.3 37 1
Dimethylsulfoxide
(1:1) 4.24 ±0.09 -24.2 ±0.5 -27.2 ±0.3 -10 4
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It can be inferred from an inspection of Table 3.34 that CP(VI) is more selective for the 
fluoride anion in acetonitrile than in dimethyl sulfoxide at 298.15 K by a factor of 4. The 
medium effect on the stability of the fluoride complex will be discussed in the next 
Ssections.
As far as Hg(II) is concerned, the thermodynamic data fit into a 1:2 ligand/cation model. 
Thus, calorimetric titration curve for the titration of this cation Hg(II) with CP(VI) is 
shown in Fig. 3.45. These findings are in accord with the results obtained from 
conductance data and !H NMR studies. The thermodynamic parameters of the 
complexation of Hg(II) and CP(VI) in acetonitrile show that the complexation process is 
enthalpically controlled. The thermodynamic data reveal that in acetonitrile, the 
formation of the 1:1 and 1:2 complexes is enthalpically controlled. While the first process 
takes place with a loss in entropy, the formation of the 1:2 complex is entropically 
favoured (Table 3.35). In acetonitrile, the complexation process involving CP(VI) and the 
Ag+ cation is enthalpy controlled and entropy destabilized.
• •  1 "31 1 ^9Daml de Namor and Chahine ’ have previously reported that substituted lower rim 
calix[4]arene containing sulfur donor atoms such as CA(I) and CA(II) interact with 
Hg(II) and Ag(I) cations in acetonitrile (Table 3.35) giving complexes of 1:1 
stoichiometry. Unlike calixarenes, the calixpyrrole derivative, CP(VI), with four sulfur 
donor atoms shows a 2:1 Hg(II)/ligand stoichiometry. On the other hand, calixarenes 
[(CA(I) and CA(II))] and calixpyrrole (CP(VI)) derivatives form 1:1 (Ag+:L) complexes 
in acetonitrile.
h2c
ch2
OH 2
ch2
CA(I) CA(II)
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Fig. 3.45 Plot of the enthalpy change vs Hg2+/CP(VI) concentration ratios for the 
calorimetric titration of CP(VI) with Hg2+ (as perchlorate) in acetonitrile at 298.15 K.
During the calorimetric titration of the ligand with the Hg(II) cation in acetonitrile, the 
reaction may proceed with the complexation of one Hg(II) cation per one molecule of the 
calixpyrrole ligand mainly by the participation of the sulfur atoms of two adjacent 
pendant arms that lead to a linear complex. As far as the enthalpy of complexation, ACH° 
(kJ m of1), of this process is concerned, it can be related to that of calixarene derivative, 
CA(I), by the following equation:
ACH cp (v i ) = ACH c a (I) + (-13.9) kJ mol'1 (eqn 3.15)
In eqn. 3.15, ACH cp (v i> and AcH c a (i ) are the enthalpies of complexation of CP(VI) and 
CA(I) with the Hg(II) cation in acetonitrile at 298.15 K respectively. The increase in the 
enthalpic stability (-13.9 KJ mol'1) may be attributed to the a lower interaction of the 
sulfur atoms of other two pendent arms of CP(VI) with the Hg(II) cation in acetonitrile. 
Then upon the addition of an excess volume of Hg(II) cation salt, the 2:1 (Hg2+: CP(VI)) 
complex is formed. The phenomenon of thermodynamic contribution of the pendant arm 
is not established for the 2:1 system due to the possible rearrangement of the active sites
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of complexation of CP(VI) in such a way as to minimize the electrostatic repulsion 
resulting from the introduction of a second Hg(II) cation. This fact is reflected in the 
increase of entropy of the second process (11 J mol'1 K'1) that contributes to its stability 
in acetonitrile at 298.15 K.
Table 3.35 Thermodynamic parameters for the complexation of the cations with CA(I),
CA(II), and CP(VI) in acetonitrile at 298.15 K.
(L:Mn+) log Ks ACG (kJ mol'1)
ACH 
(kJ mol'1)
ACS"
(J mol'1 K '1)
CA(I)
Hg2+ (1:1) 6.50 ±0.03 -30.2 ±0.2 -74 ±1 -128
Ag+ (1:1) 3.20 ±0.03 -18.3 ±0.6 -20.6 ±0.3 -8
CA(II)
Hg2+ (1:1) 8.69 -49.6 -83 -112
Ag+ (1:1) 4.08 -24.03 -27.8 -13
CP(VI)
(1:1) 3.72 ±0.02 -21.26 ±0.01 -87.9 ± 0.7 -224
Hg2+ (1:2) 1.85 ±0.01 -10.53 ±0.03 -7.3 ± 0.4 11
Overall 5.57 ±0.03 -31.79 ±0.04 -95.3 ± 0.3 -213
Ag+ (1:1) 3.2 ±0.3 -18.1 ±0.5 -54.9 ±0.1 -124
Although the enthalpic term is more favourable for Hg2+- CP(VI) (1:1) relative to Hg2+- 
CA(I) and Hg2+-CA(II), this is not enough to overcome the more favorable entropy of the 
latter relative to the former. Again a higher flexibility of the pendent arms in CP(VI) 
relative to CA(I) and CA(II) is clearly shown in the greater loss of the entropy upon 
complexation of the former ligand and this cation with respect to the other two ligands. 
The same themiodynamic performance is observed for Ag(I)- CP(VI) system relative to 
the calixarene derivatives.
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The fact that the calixpyrrole derivative, CP(VI), interacts with both cations (Hg2+ and 
Ag+) and anions (fluoride) leads to its inclusion in the list of ditopic receptors. However, 
it was not possible to investigate the additive thermodynamic contribution to the 
complexation of any of the metal cations (Hg2+ and Ag+) and the fluoride anion with this 
calixpyrrole in acetonitrile due to the formation of metal-fluoride salts (as precipitate) 
during the titration process in this solvent.
3.6.9. Thermodynamic Parameters of Complexation of CP(VII) with the Fluoride 
Anion and with Metal Cations in Acetonitrile at 298.15 K
The stability constants (expressed as log Ks), standard Gibbs 
energies, ACG °, enthalpies, ACH ° , and entropies, ACS° of
complexation of the fluoride anion with CP(VII) in acetonitrile at
298.15 K are listed in Table 3.36.
CP(VII)
Table 3.36 Thermodynamic parameters for the complexation of the fluoride anion (tetra- 
n-butylammonium as counter-ion) and CP(VII) in acetonitrile at 298.15 K
Anion log Ks ACG° (kJ mol'1)
ACH° 
(kJ mol'1)
ACS°
(J mol' 1 K '1)
F 3.65 ±0.03 -20.8 ± 0.1 -10.6 ± 0.2 34
The thermodynamic data fits into a 1:1 (ligand:anion) model. These findings are in 
accord with the results obtained from conductance data (Section 3.5.7). The 
thermodynamic parameters of complexation of fluoride and CP(VII) in this solvent 
reflect that both, the enthalpy and the entropy, contribute favourably to the Gibbs energy 
of the process.
The interaction of CP(YII) with Hg(II) is taking place through the thiophene sulphur 
donor atoms. This statement is supported by proton NMR investigations where 
significant chemical shift changes are observed for the thiophene protons upon the 
complexation of CP(VII) with Hg(II) cation in CD3CN at 298 K.
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The stability constants (expressed as log Ks), standard Gibbs energies, ACG° , enthalpies, 
ACH ° , and entropies, ACS° of complexation of Hg(II) cation with CP(VII) in 
acetonitrile at 298.15 K are listed in Table 3.37.
Table 3.37 Thermodynamic parameters for the complexation of Hg(II) (perchlorate as 
counter-ion) and CP(VII) in acetonitrile at 298.15K.
Cation log Ks ACG(kJ/mol)
ACH°
(kJ/mol)
ACS°
(J/mol.K)
Hg(II) 2.96 ±0.06 -16.9 ±0.3 -71.6 ±0.4 -184
As can be inferred from an inspection of Table 3.37, the complexation process of this 
ligand with the Hg(II) cation in acetonitrile is enthalpically controlled but not entropically 
favoured. The lower stability constant obtained for the complexation of CP(VII) with Hg 
(II) cation in acetonitrile, relative to other calixpyrrole derivatives, suggests that the 
complex formation of this ligand with this cation is not driven by equal participation of 
all sulphur donor atoms due to the possible electrostatic repulsion between these donor 
atoms in the thiophene units upon complexation. In fact, examination of the molecular 
modeling for the CP(VII)-Hg2+ system (Fig. 3.46) reveals that calixpyrrole CP(VII) 
experiences large conformational changes upon complexation with Hg2+ due to the less 
symmetrical arrangement of the donor atoms in this ligand, leading to a lack of host pre­
organization, reflected in the low stability constant (log Ks = 2.96) in this solvent.
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Fig. 3.46 Structural Modeling o f  CP(VII)-Hg(II) complex.
It can be concluded that the presence of mixed donor atoms within the hybrid 
calixpyrroles has a destabilizing effect on their complexes. This is emphasized in the 
stability of anion complexes and mercury complexes in acetonitrile. For mercury 
complexes, this effect in part arises from the variation in the hole-size as donors vary, but 
it also comes from the preference of the soft mercury cation for soft donor atoms.
The availability of stability constant data for calixpyrrole derivatives allows the 
calculation of the selectivity factor, SCP(I)/R , which is calculated from the ratio of stability
constants of calixpyrroles and the fluoride anion in a given solvent and temperature as 
shown in eqn 3.11.
As can be inferred from an inspection of Table 3.38, the parent calix[4]pyrrole, CP(I), is 
more selective for the fluoride anion than other receptors (CP(II), CP(VI), CP(VII) 
CP(VIII) and 21) in non aqueous solvents at 298 K. Although the discrimination ability 
of calix[4]pyrrole, CP(I), was not competed, the anion binding properties of its 
derivatives were tuned by the functionalization of this ligand. As such, the orientation of
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phenol group in CP(VTII)-aaPp turned the affinity of this ligand toward dihydrogen 
phosphate (1:2 ligand:anion ratio) over the spherical anions (1:1 ligand:anion ratio). On 
the other hand, the hosting ability of the double cavity calixpyrrole, 21, is greater for 
fluoride relative to the dihydrogen phosphate anion. Furthermore, the replacement of one 
pyrrole by a thiophene unit reduces the affinity of calixpyrrole, CP(II), toward anions 
relative to the parent calix[4]pyrrole in dipolar aprotic solvents. As far as calixpyrrole 
CP(VI) is concerned, the replacement of one methyl group at the methylene bridge by 4- 
[2-(ethylthio)ethoxy]phenyl pendant arm leads to a unique interaction of this ligand with 
the fluoride anion in acetonitrile and dimethyl sulfoxide at 298.15 K. Finally, the 
attachment of thiophene units to the methylene bridge decreases the stability of the 
CP(VII) complex with fluoride anion in acetonitrile by a factor of 203 relative to CP(I).
Table 3.38 Selectivity factor SCP(I)/R (R= CP(II), CP(VI), CP(VII), CP(VIII) and 21) of
calix[4]pyrrole for the fluoride anion relative to other receptor R in acetonitrile, 
dimethylformamide and dimethyl sulfoxide at 298 K.
00 o
R MeCN DMF DMSO
CP(I) 1 1 1
CP(II) 5 428 2313
CP(VI) 25 2
CP(VII) 203
CP(VIII)-aapp 1349 2512
CP(VIII)-aPap 16
21 316
In order to assess quantitatively the solvent effect on the complexation process, detailed 
investigations on anion - ligand systems in different solvents were carried out and these 
are discussed using thermodynamic parameters of complexation and the solution
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parameters of the reactants and the product involved. These are presented in the 
following Section.
3.7. The Medium Effect
3.7.1. Enthalpies of Solution
Since the standard enthalpy of solution, ASH°, of a certain salt AB results from the 
contribution of the standard enthalpy of solvation, AsoivH° (negative), and the standard 
crystal lattice enthalpy, A lH ° (positive) (Fig. 3.47), the latter is removed by the 
calculation of the transfer enthalpies, AtH . Thus the difference in the solvation of a given 
species in one solvent relative to another can be assesed from the standard enthalpy of 
transfer, (AtH°), data.
AB (g)
A+(s) + B'(s)AB (sol.)
Fig. 3.47 Thermodynamic cycle showing the process of solution.
The standard enthalpies of solution, ASH°, of CP(II) in acetonitrile, N,N- 
dimethylformamide, dimethyl sulfoxide and propylene carbonate, CP(VI) in acetonitrile 
and dimethyl sulfoxide and CP(VIII) in acetonitrile and N, A^dimethylformamide at
298.15 K are discussed in the following Section. Also reported are the ASH° values for 
the tetra-n-butylammonium fluoride [Bu4N+F'] and dihydrogen phosphate [BiLthTFkPC^*] 
salts in these solvents.
These data were obtained from calorimetric measurements carried out at different 
concentrations (c) of the appropriate compounds. The standard enthalpy values (AsH°)are 
given by the intercept at c = 0 of a plot of solution enthalpies (ASH) as a function of c1/2.In
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cases where no variation was found in the enthalpy values with the concentration, the
o
ASH is the average of several measurements.
It was not possible to calculate the standard Gibbs of energy of solution, ASG°, of the 
halide salts from solubility measurements. Its calculation requires the same composition 
for the solid in equilibrium with the saturated solution. This is not the case for these salts 
because they undergo solvation when exposed to a saturated atmosphere of acetonitrile, 
N, N-dimethyformamide and dimethyl sulfoxide. As a result, the standard Gibbs energies 
of solution of these systems could not be calculated.
3.7.I.I. Enthalpy of Solution of CP (II) in Acetonitrile, N,N-dimethylformamide, 
Dimethyl sulfoxide and Propylene Carbonate at 298.15 K
The enthalpies of solution, ASH°, of the free ligand CP(II) in acetonitrile, N,N- 
dimethylformamide, dimethyl sulfoxide and propylene carbonate at 298.15 K have been 
determined and the data are listed in Table 3.39.
In the case of acetonitrile, the enthalpy of solution does not change with the concentration 
of the ligand and therefore an average value was taken as the standard enthalpy of 
solution of CP(II) in this solvent at 298.15 K.
However in dimethyl sulfoxide, N,N-dimethylformamide and propylene carbonate the 
heat of solution was dependent on the ligand concentration. In these cases, ASH values 
were plotted against the square root of the concentration (c1/2) and a straight line was 
obtained (Fig. 3.48). The intercept of this line at c1/2 = 0 is taken as the standard enthalpy 
of solution of CP(II) in these solvents.
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Table 3.39 Enthalpies of solution of CP(II) in acetonitrile, N, Af-dimethylformamide 
dimethyl sulfoxide and propylene carbonate at 298.15K.
MeCN DMF
c/mol dm' AsH/kJmof1 c/mol dm' AsH/kJmol'1
4.49 x 10" 15.12 1.57 x lO -4 20.10
5.65 x Iff4 15.23 1.86 x lO -4 19.52
7.63 x 1CT4 15.69 2.19 x 10-4 19.81
7.99 x 10‘4 15.58 3.30 x lO-4 19.13
8.98 x l f f 4 15.60 4.31 x 10-4 
5.36 x 10-4
19.12
19.20
IIo< 15.4 ± 0.3 kJm ol'la 7.09 x 10-4 
ASH° =
18.81
20.8 ±0.4 kJmol‘la
DMSO PC
'J
c/mol dm' A sH/kJ mol'1
c/mol dm AsH/kJ mol'1
3.46 x 10*4 8.74 3.05 x- lO’4 6.28
3.80 x 10-4 8.28 4.04 x 10-4 7.88
4.49 x 10*4 6.93 5.52 x lO'4 8.95
5.79 x 10-4 5.60 7.05 x 10"4 9.20
7.14 x lO'4 4.39 7.76 x 10-4 9.28
8.26 x 10A 4.24 8.97 x 10-4 10.64
1.07 x 10-4 . 2.36 1.05 x 10" 11.12
ASH° = 16.6 ± 0.8 kJm ol'lb > Vi
0 II 1.5 ± 0.1 kJ mol'lb
a Average values b Extrapolated value at c = 0
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20 n
14 - 
12 -
y = -442.45x + 16.63 
R2 = 0.97
0.015 0.020 0.025 0.030 0.035
c1/2(M 1/2)
Fig. 3.48 Plot of ASH vs. c1/2 for CP(II) in dimethyl sulfoxide at 298.15 K.
3.7.1.2. Enthalpy of Solution of CP (VI) in Acetonitrile and Dimethyl sulfoxide at 
298.15 K
The enthalpies of solution, ASH°, of CP(VI) in acetonitrile and dimethyl sulfoxide at
298.15 K have been determined and the data are listed in Table 3.40.
In a similar fashion to the free ligand CP(II), the enthalpy of solution of CP(VI) in 
acetonitrile and dimethyl sulfoxide were concentration dependent. In this case ASH was 
obtained from the intercept of a plot of ASH against cm . The intercepts of these lines are 
taken the standard enthalpies of solution of CP(VI) in acetonitrile (Fig. 4.49) and 
dimethyl sulfoxide (Fig. 4.50).
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Table 3.40 Enthalpies of solution of CP(VI) in acetonitrile and dimethyl sulfoxide at 
298.15K.
MeCN DMSO
c/mol dm'3 A„H /kJm ol'1 c/mol dm'3 A SH /kJm ol'1
8.78 x 10-4 19.18 2.50 x 10'5 8.96
6.66 x lO -4 12.53 1.01 x 10’4 7.77
3.60 xlO '4 7.96 3.18 x lO -4 3.44
2.56 x 10"4 7.36 4.48 x 1 O'4 4.31
2.65x1 O'4 5.32 6.02 x 1 O'4 2.64
1.68 xlO -4 3.72 7.13 x lO -4 1.24
9.60 x 10-4 0.32
ASH° = -7.7 ± 0.5 kJ mol'la ASH° = 10.7 ± 0.8 kJm ol'la
a Extrapolated value at c = 0
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y = 856.71x-7.74 
R2 = 0.94
30 i
25 -
20 -
10 -
0.010 0.015 0.020 0.025 0.030 0.035 0.040
[CP(VI)]1/2(M1/2)
Fig. 3.49 Plot of ASH vs. c1/2 for CP(VI) in acetonitrile at 298.15 K
0.0E+00 5.0E-03 1.0E-02 1.5E-02 2.0E-02 2.5E-02 3.0E-02
[CP(VI)]1/2(M1/2)
Fig. 3.50 Plot of ASH vs. c1/2 for CP(VI) in dimethyl sulfoxide at 298.15 K
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3.7.I.3. Enthalpy of Solution of CP (VIII) in Acetonitrile and N,N-dimethylform- 
amide at 298.15 K
The enthalpies of solution, ASH°, of CP(VIII) in acetonitrile, and N,N-dimethyl 
formamide at 298.15 K have been determined and the data are listed in Table 3.41.
Table 3.41 Enthalpies of solution of CP(VIII) in acetonitrile and N,N-dimethyl 
formamide at 298.15 K.
MeCN DMF
c/mol dm'3 A SH /kJ mol'1 c/mol dm'3 A SH /kJ mol*1
1.03 x 10'4 24.58 1.50 x 10'5 -6.64
1.22x10 "4 23.07 2.31 x 10-4 -9.58
2.43 x 1 O'4 22.14 3.51 x 10-4 -16.13
2.03 x lO’4 22.34 4.40 x 10'4 -19.55
2.57x1 O'4 20.54 5.86 x l O-4 -21.00
3.78 x 10"4 20.44 7.03 x 10-4 -21.64
5.12 x 10-4 18.85
7.03 x I O'4 17.23
ASH° = 28.3 ± 0.5 kJmol‘la ASH° = 6.7 ± 0.8 kJ mol'la
a Extrapolated value at c = 0
The enthalpies of solution of a a p p  -CP(VIII) in acetonitrile and N, TV-dimethylformamide 
were concentration dependent. In this case ASH was obtained from the intercept of a plot 
of ASH against c1/2 as shown in Figs. 3.51-3.52 for acetonitrile and N,N- 
dimethylformamide respectively. The intercepts of the lines were taken as the standard
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enthalpies of solution of the CP(VIII) in MeCN (28.3 ± 0.6 kJ mol'1) and DMF (6. 5 ± 0.5 
kJ mol'1).
29 -
27 -
y = -416.19x+28.26 
R2 = 0.97
25 -
H(/}<
0.0130.008 0.018 0.023 0.028 0.033
[CP(VIII)]1/2(M1/2)
Fig. 3.51 Plot of ASH vs. c1/2 for CP(VIII) in acetonitrile at 298.15 K
[CP(VIII)]1/2(M1/2)
0.015 0.02 0.030.025
' 10 "
© -15- 
S
S  -20-  
H -25 -ft
<  -30 -
y =-1131.3x+6.7 
R2 = 0.94-35 -
-40 J
Fig. 3.52 Plot of ASH vs. c1/2 for GP(VIII) in N,N-dimethylformamide at 298.15 K
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3.7.I.4. Determination of the Standard Enthalpies of Solution of Fluoride and 
Dihydrogen Phosphate (as tetra-n-butylammonium salts) in Dimethyl 
Sulfoxide and Propylene Carbonate at 298.15 K
The standard enthalpies of solution, ASH , of tetra-n-butylammonium fluoride [Bu4N+ F'] 
in DMSO and PC are reported in Table 3.42. Also reported in this Table are the literature
O i *31
ASH values of tetra-n-butyl ammonium fluoride [Bu4N F'] in MeCN and DMF . Since 
enthalpy data for these systems are concentration dependent (Figs. 3.53 - 3.55), the
o I/Ostandard enthalpy of solution, ASH is the value at c = 0 from a plot of ASH against c .
Table 3.42 Enthalpies of solution of tetra-n-butylammonium fluoride in acetonitrile, N,N- 
dimethylformamide, dimethyl sulfoxide and propylene carbonate at 298.15 K
DMSO PC
c/mol dm' AsH/kJmol'1
■i i
c/mol dm' A sH/kJ mol'
4.64 x 10-4 4.82 2.54 x 10-4 19.41
5.77 x 10*4 5.81 4.34 x 1C4 20.79
6.97 x 1 O'4 6.53 6.21 x lO4 21.81
8.30 x 10*4 8.02 . 7.16 x lO 4 21.70
9.19 x lO-4 11.77 8.49 x 10-4 22.29
1.11 x 10-4 12.89 9.95 x 10-4 21.63
1.27 x 10*4 14.30
ASH° = -11.7 ± 0.2 kJ mol'la ASH° = 17 ± 1 kJ mol"1*
MeCN31 DMF31
ASH° = 39.0 ± 0.5 kJ mol'1 ASH° = -2.7 ± 0.5 kJ mol4
a Extrapolated value at c = 0
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25
20
© 15s
'w'
C/5<
10
5
y =731.05x- 11.72 
R2 = 0.94
0.............................
0.020 0.022 . 0.024 0.026 0.028 0.030 0.032 0.034 0.036
C1/2(M 1/2)
” r
Fig. 3.53 Plot of ASH vs. c1/2 for tetra-n-butylammonium fluoride in dimethyl sulfoxide at
298.15 K
30 -i 
28 - 
26 -
’C  24 "  
1  2 2 -
20 -
ffi 18 "
<  16 -
14 - 
12 -
160.72x+ 17.28 
R2 = 0.90
0.015 0.017 0.019 0.021 0.023 0.025 0.027 0.029 0.031
C1/2(M 1/2)
110Fig. 3.54 Plot of ASH vs. c for tetra-n-butylammonium fluoride in propylene carbonate 
at 298.15 K
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The solution enthalpies of the [Bu4N+H2P04_] salt in propylene carbonate at 298.15K are 
given in Table 3.43. Due to the dependence of the enthalpy of solution values on the 
concentration of the [B^hTFbPCV] salt, the standard enthalpy of solution of this salt in 
this solvent (16.5 ± 0.6 kJ mol*1) at 298.15 K was obtained from the intercept of a plot of 
ASH against c1/2 as shown in Fig. 3.55.
Table 3.43 Enthalpies of solution of tetra-n-butylammonium dihydrogen phosphate in 
propylene carbonate at 298.15 K
PC
c/mol dm' A sH/kJ mol’1
1.18 x 10-4 54.25
2.75 x 1CT4 12.93
3.24 x Iff4 12.27
4.12 x 10"* 11.92
4.60 x Iff4 11.21
5.42 x 10-4 10.97
7.78 x 10-4 10.31
1.02 x Iff3 9.14
4SH° = 16.5 ± 0.6 kJ mol'1
y = -228.73x+16.46 
R2 = 0.97
4 - 
2 -
Q -j—  — ------------- n--------------------------1--------------------------1-------------------------- 1
0.015 0.020 0.025 0.030 0.035
C,/2(M1/2)
Fig. 3.55 Plot of ASH vs. c1/2 for [Bu4N+H2PC>4'] in propylene carbonate at 298.15 K
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3.7.I.5. Thermodynamic Parameters of Transfer of CP(I), CP(II) and CP(VI) from 
Acetonltrile to Various Solvents at 298.15 K
Since the enthalpy of solution results from the corresponding parameters of solvation and 
the crystal lattice, the latter is removed by the calculation of the transfer enthalpies, AtH°. 
For these purposes, MeCN is taken as the reference solvent. Thus, Table 3.44 lists the 
thermodynamics of transfer (AtH°, AtG°, AtS°) of CP(I), CP(II) and CP(VI) from 
acetonitrile to various solvents. Transfer Gibbs energies, AtG° are those from Table 3.9 
and transfer enthalpies, AtH° were calculated from the enthalpies of solution of 
calixpyrrole ligands, CP(I)31, CP(II), and CP(VI), in these solvents (Tables 3.39 and 
3.40). Transfer entropies were calculated by the combination of AtG° and AtH° . As far 
as AtH° values are concerned, the results show that CP(II) is enthalpically more stable in 
the following sequence
PC > DMSO > DMF
Table 3.44 Thermodynamic parameters of transfer of CP(I), CP(II) and CP(III) from 
acetonitrile to various solvents at 298.15 K.
AtG° (kJ mol'1) AtH° (kJ mol'1) AtS° (J mol'1 K"1)
MeCN -» DMF 0.05
CP(I)
9.4 31.36
MeCN -> DMF 0.05
CP(II)
5.33 17.71
MeCN -> DMSO -0.55 1.20 5.86
MeCN -> PC -0.02 -13.91 -46.58
MeCN -» DMSO
CP(VI)
18.46 _
The transfer of CP(I) (Table 3.44) from MeCN to DMF and that of CP(II) from this 
solvent to DMF and DMSO are accompanied by a gain in entropy while these processes 
are destabilized in terms of enthalpy. The same result observed for the solvation pattern
193
Chavter Three Results & Discussion
of CP(II) in DMSO. On the other hand, the transfer of CP(II) to PC is enthalpically 
favoured while the process is destabilized in terms of entropy. The data (Table 3.44) 
clearly indicate that the medium effect on the transfer processes is better reflected in the 
enthalpy and in the entropy term than in the Gibbs energy of these processes.
3.7.2. The Medium Effect on the Complexation Process
The medium effect on the complexation process is controlled by the differences in the 
solvation of the reactants and the product141 participating in the process between two 
solvents, as shown in eqn. 3.16.
A cP 0( s 1) -  A cP 0( s 2) = AtP°(CP)(Sl -» s2) + AtP°(X ' ) ( s1 -> s2) -  AtP°(CPX)(Sl ->  s2)
(eqn. 3.16)
These differences are reflected in the thermodynamic parameters of transfer, AtP° (P = G, 
H, S) of the ligand, the free anion (X")  and the complexed anion (CPX~) from a 
reference solvent (si) to another (S2).
Eqn. 3.16 is best illustrated through a thermodynamic cycle (eqn. 3.17). This is now 
discussed in terms of enthalpies. A general system as an illustrative example is shown in 
eqn. 3.17.
CP (st ) + X~  0 , )  — CPX~  (Jj)
CP (s2) + X -  (s2) A‘H° > C P X - (s2)
CP = ligand; X' = anion; CPX‘ = ligand-anion complex
A tH °
Y
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The upper and the lower parts of eqn. 3.17 represent the complexation processes between 
the ligand and the anion in two different solvents (sj and S2). Therefore, ACH° denotes the 
standard enthalpy of complexation. Both reactions are linked by vertical arrows that 
represent the enthalpy of transfer, AtH , for each of the reactants and the product from one 
solvent (si) to another (S2).
3.7.2.I. The Medium Effect on the Complexation of Calixpyrrole ligands and 
Anions
i) CP (II) and its Anion Complexes
Unable to analyze quantitatively the medium effect on the complexation of the fluoride 
anion and CP(II) in terms of Gibbs energies, due to solvate formation of the fluoride salt 
in MeCN and DMF and the unavailability of data for the transfer Gibbs energies of the 
free and complex anion, the effect of the medium on complexation is analyzed in terms of 
enthalpy. For the fluoride systems, ACH° values in MeCN , DMF, DMSO and PC are 
these from Table 3.27, while the AtH° [CP(II)] (MeCN-»S2) was calculated from the 
enthalpies of solution of this ligand in these solvents (Table 3.39). As far as the single ion 
AtH° values for the free anion are concerned, this was calculated from the solution 
enthalpies for these salts given in Table 3.42. The AtH° values for the Bu4N+ cation from 
MeCN to DMF, DMSO and PC based on the PfLjAsPlijB convention are -2.51, 7.10 and - 
2.51 kJ m of1 as reported in the literature142. It should be noted that AH0 values for the 
entire cycle should be equal to 0 kJ.mol'1.
CP(II) (MeCN) + F~(MeCN)
ACH°
*► CP(II) F~ (MeCN)
-31.5 kJ mol*1
AtH°
5.33 kJ mol'1
AtH°
-41.7 kJ mol'1
AtH°
-14.07 kJmol'1 (eqn. 3.18)
ACH° T
CP(II) (DMF) + F~ (DMF)
-9.2 kJ mol'1
> C?(ll) F~ (DMF)
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The results show that for this system (eqn. 3.18) the higher enthalpic stability of the 
complexation process in MeCN relative to DMF is attributed to the favourable 
contribution of the free anion overcoming that for the complex and the ligand. In other 
words, the data show that the free anion is enthalpically more stable in DMF than in 
MeCN while the complex is enthalpically less stable in MeCN than in DMF, which 
results in the higher favourable enthalpy of complexation in MeCN.
As far as the MeCN-DMSO solvent system is concerned, the lower affinity of CP(II) for 
the fluoride anion in DMSO relative to MeCN (eqn. 3.19) is entirely due to higher 
enthalpic stability of fluoride in DMSO, which overcomes the favourable contribution of 
the complexed anion in DMSO. Therefore the higher enthalpic stability of complex 
formation in MeCN is almost entirely due to the contribution of the free anion (lower 
enthalpic stability relative to DMSO).
CP(II) (MeCN) + F~ (MeCN) -► CP(II) F~ (MeCN)
-31.5 kJ mol
AtH° > 0 AtH°
1.2 kJm ol'1 -50.7 kJ mol'1 -42.5 kJ mol'
T i r *
CP(II) (DMSO) + F~ (DMSO)
ACH C
-24.5 kJ mol
CP(II) F~ (DMSO)
(eqn. 3.19)
As far as the MeCN-PC solvent system is concerned (eqn. 3.20), the higher enthalpic 
stability of complex formation in MeCN results from the contribution of the reactants 
(anion and CP(II)) characterized by a favourable AtH° value (negative) from MeCN to 
PC. Complexation in MeCN is not favored by the anion complex but its negative 
contribution is overcome by the joint contribution of ligand and anion.
196
Chapter Three Results & Discussion
ACH°
CP(II) (MeCN) + F~ {MeCN) ---------------- *  CPQY) F~ (MeCN)
-31.5 kJ mol*
AtH° AtH° AtH°
-13.91 kJmol*1 -21.72 kJmol*1 -1 7 .6 3 kJmol*1 (eqn. 3.20)
T r^ . 1
CP(II) (PC) + F~{PC) ~ 1~ 5 kJ mol'1 * CP(II)F-(/>C)
As far as the chloride-CP(II) system is concerned (eqn 3.21), availability of single-ion 
transfer Gibbs energy values (based on the PIljAsPI^B convention)142 allows to interpret 
the medium effect on the complexation process in terms of Gibbs energies, enthalpies and 
entropies. The enthalpy values for the individual processes are as follows, the AtH° value 
for CF from MeCN to DMF (1.6 kJ mol’1) is that from the literature142. Transfer data for 
the ligand are those from Tables 3.39 and 3.8 b. The ACH° values in acetonitrile and N,N- 
dimethylformamide are those from Table 3.27.
CP(II) (MeCN) + Cl'{MeCN)
ACG° = -23.7 kJ mol'1 
ACH° = -51.7 kJm ol'1
j ^ . ° .^ 3 .9 .J K * 1 mol'1 ^ C p ( n )  c r  ( M e C N )
AtG° = -1.68 kJmol*1 AtG° =  6.02 kJ mol*1
AtH° =  S J S k J m o f1 AtH °=  1.6 kJmol*1
AtS° = 2 3 .5  JK*1 mol*1 AtS° = -14.8 JK*1 mol'1
Y * ▼
CP(II) {DMF) + Cl~{DMF)
ACG° = -19.8 kJ mol*1 
ACH° = -21.3kJ mol*1 
ACS° = -5.1 JK*1 mol*1
AtG° = 8.24 kJ mol*1 
AtH° = 37.33kJ m ol'1 
A,S° = 97.6 JK*1 mol*1
-► CP(II) Cl~ {DMF)
In terms of Gibbs energies, the small differences in solvation of the reactants and the 
product in transfers from MeCN to DMF lead to complexes of similar stability in these 
solvents. The results show (eqn. 3.21) that the higher enthalpic stability of the 
complexation process, in MeCN relative to DMF is attributed to the favourable 
contribution of the complex overcoming those for the ligand and the free anion 
(enthalpically unfavourable for complexation in MeCN). The unfavourable entropy 
observed in the complexation of CP(II) and CF in MeCN relative to DMF is mainly due
(eqn. 3.21)
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to the higher order structure of the anion complex in MeCN relative to DMF. To a lesser 
extent, the free anion also contributes to the unfavourable entropy of the complexation 
process in MeCN relative to DMF.
As far as the MeCN-PC solvent system is concerned (eqn 3.22), the AtH° value for CT 
from MeCN to PC (8.45 kJ mol'1) is that from the literature142. The data (eqn. 3.22) show 
that the higher enthalpic stability of complex formation in MeCN relative to PC is almost 
due to the contribution of both, the free ligand (enthalpically more stable in PC than in 
MeCN) and the complex (higher enthalpic stability in MeCN relative to PC).
As far as entropy is concerned, both, the ligand (highly ordered in PC relative to MeCN) 
and the anion complex (entropically more favoured in PC relative to MeCN) contribute to 
the unfavourable entropy of complexation in MeCN relative to PC (favourable).
CP(II) {MeCN) + Cl~ (MeCN)
ACG° =  -23.7 kJ mol'1 
ACH° = -51.7 kJ mol'1 
ACS° = -93.9 JK'1 m ol'1
AtG° = 2.56 kJmol*1 AtG° = -2.38 kJ mol'1
AtH° = -13.9 lkJ mol*1 AtH° = 8.45 kJ mol'1
AtS° = -55.2 JK'1 mol'1 A,S° =  36.3 JK'1 mol*1
T i y
CP(II)(PC) + Cl-{PC)
ACG° = -22.8 kJ mol'1 
ACH° = -18.1kJ mol*1 
ACS° = 15.7 JK'1 mol'1
C?{II) Cl~ {MeCN)
AtG °=  1.08 kJm ol'1 
A,H° =  25.48 kJ mol'1 
AtS° = 81.8 JK"1 mol'1
CP(II )Cl~{PC)
As far as the dihydrogen phosphate system is concerned, ACH° values in MeCN and PC 
are from Table 3.27, while the AtH° (CP(II)) (MeCN-»PC) was calculated from the 
enthalpies of solution of this ligand in these solvents (Table 3.39). As far as the single ion 
ASH° values for the free dihydrogen phosphate anion are concerned, this was calculated 
from the solution enthalpies for this salt given in Table 3.43 and it is based on the 
PIljAsPI^B convention142.
(eqn. 3.22)
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CP(II) (MeCN) + H 2PO~ (MeCN)
AtH°
-13.91 kJm ol'1
CP(II ) H  J O ;  (MeCN)
-43.7 kJm ol
AtH°
-14.3 kJ mol'1
AtH°
-6.21 kJ mol'1
(eqn. 3.23)
CP(II) (PC) + H 2PO~a (PC) ■ a U J J m o l - 1 “  c p ( n )  H . P O - ^ P C )
The analysis carried out with the H2P04 '-CP(II) system in terms of enthalpy (eqn. 3.23) 
shows that the anion complex is enthalpically more stable in MeCN than in PC. The 
opposite is true for the free anion and the ligand. These are enthalpically more stable in 
PC. As a result, the higher enthalpic stability of the complex in MeCN relative to PC is 
due to the favourable contribution of the reactants.
ii) CP (VI) and its Fluoride Complex
Availability of the ASH° values for CP(VI) (see Table 3.40) , the AtH° of the fluoride 
anion from MeCN to DMSO (Table 3.42) and the ACH° values for this anion and CP(VI) 
in these solvents (Table 3.34) allows the calculation of the AtH° value for the fluoride- 
complex from MeCN to DMSO through eqn. 3.16. By inserting the appropriate quantities 
in the thermodynamic cycle (eqn. 3.24) it follows that
AnH°
CP(VI) (MeCN) + F~ (MeCN) ----------- :------- ► CP(VI) F ’ (MeCN)
-16.40 kJ mol
A,H° A,H° AtH°
18.46 kJm ol'1 -50.70 kJ mol'1. -43.04 kJ mol'1
t  1r 1r
CP(VI) (DMSO) + F~ (DMSO)
-27.20 kJ mol
7 *  CP(VI) F~ (DMSO)
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the higher enthalpic stability of the complexation process in DMSO relative to MeCN is 
attributed to the favorable contribution of the free and complexed ligand overcoming 
those for the free fluoride anion (unfavorable for complexation in DMSO).
Hi) CP (VIII) and its Fluoride Complex
As far as aapp-CP(VIII) system is concerned, the enthalpy of complexation of this 
ligand with F' in acetonitrile (-97 kJ mol*1) and N,N-dimethylformamide (-13.6 kJ mol'1) 
are taken from the literature143. The enthalpy of transfer of aapp-CP(VIII) from MeCN 
to DMF was calculated from the standard enthalpies of solution, ASH° of this ligand in 
acetonitrile (ASH° = 28 ± 1 kJ mol'1) and in N,N-dimethylformamide (ASH° = 6.4 ± 0.3 kJ 
mol'1) (Table 3.41). These were obtained by calorimetry. The AtH° of the anion complex 
from MeCN to DMF was calculated through rearrangement of eqn. 3.25.
CP(VIII) (MeCN) + F~ (MeCN)-------------- -► CP(VIII) -  F~ (MeCN)
-97 kJ mol'1
AtH°
-21.6 kJ mol'1
AtH°
-41.7 kJ mol'
CP(VIII) (DMF) + F~ (DMF)
-13.6 kJ mol
A,H°
20.2 kJ mol'1 (eqn. 3.25)
t  CP(VIII) - F ~  (DMF)
Given that the interaction of the reactants (ligand and anion) are higher in DMF than in 
MeCN, it can be seen how the energy of desolvation of the reactants in DMF would 
reduce the enthalpy of complexation in this solvent and account for the gain in entropy 
observed in DMF relative to acetonitrile. In addition, the complexation enthalpy in 
acetonitrile is also favoured by the higher interaction of the fluoride complex in this 
solvent relative to DMF as inferred from eqn. 3.25. In fact the lower interaction of the 1:1 
anionic complex of the CP(VIII)-aaPP isomer with N,N-dimethylformamide relative to 
acetonitrile is a contributing factor for the enhanced capacity shown by this ligand for the
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fluoride anion in the former (2 fluoride ions per unit of host) relative to the latter solvent 
(1:1 complexation).
Chapter Four Applications
4. Applications
Following the synthesis, structural and thermodynamic characterization of anion and 
cation selective calixpyrrole ligands and their complexes, the next step was to make use 
of the selectivity features of these receptors for the purposes of efficient removal of 
hazardous and toxic ions from water. These are to be discussed in the next Sections.
4.1. Introduction
i- Phosphate and Arsenate Anions Removalfrom Aqueous Solutions
It is well known that arsenate and phosphate are hazardous anions to the Environment. 
Arsenic is highly toxic and is a carcinogenic element that exists predominantly in the 
form of oxyanions in the aquatic environment. The World Health Organization has set a 
guidance , value of 0.01 mg/1 for arsenic in drinking water144. Phosphorus can provide an 
additional nutrient for growth of photosynthetic macro- and microorganisms in aquatic 
bodies, but also leads to an eutrophication problem especially in enclosed water bodies. 
The removal of phosphate from waters can be an effective method for the control of 
eutrophication in natural waters.
The major methods for the removal of arsenate, and phosphate include precipitation and 
coagulation, as well as adsorption or ion exchange processes. The precipitation and 
coagulation processes with iron (III)145’146, aluminum147*149, calcium150, and lanthanum 
salts151’152, which convert anions into insoluble forms, have been widely used. Although 
the precipitation and coagulation methods are simple and economical, these processes 
will result in a wet bulky sludge disposal problem and requires final filtration for 
secondary treatment. Comparatively, the ion exchange or adsorption process seems to be 
most promising for the removal of toxic anions. The viability of this method is dependent 
on the development of adsorptive materials.
The adsorbents most often used for the removal of phosphate and arsenate are activated 
alumina153"155, activated carbon156’157, and other materials158'160.However, as a result of 
their low adsorption capacity and poor adsorption kinetic properties, these adsorbents
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cannot be widely used. Recent research has shown that rare earth and Zr(IV) elements 
have a specific affinity for arsenate, and phosphate ions; thus various rare-earth 
compounds161'164 and Zr(IV)-loaded polymers as adsorbents165’167 have been developed to 
remove these hazardous anions. Although the adsorption capacity has been modified, the 
adsorption rate is still slow and the equilibrium is often attained within several hours, 
which results in operational, control, and maintenance problems in the adsorption process 
of the bed. More recently Danil de Namor and Shehab40,88 and Kalqdkowsi et at86,87 have 
used polymers of calix[4]pyrrole derivatives, CP(V) and CP(VIII) as extracting agents for 
the removal of polluted ions from aqueous media (see Introduction). The preliminary 
results40 for the extraction of arsenate by calixpyrrole polymer (resin 2) from aqueous 
solutions are found to be promising. Encouraged by the outcome of Danil de Namor 
research work, the capacity of this material to uptake arsenate and phosphate anions from 
aqueous solutions and the conditions controlling these extraction processes are 
investigated. The results are to be discussed in the next Section.
ii- Mercury Cation Removal from Aqueous Solutions
Mercury has been considered as a human health hazard because it may cause kidney
1 /COtoxicity, neurological damage, paralysis, chromosome breakage, and birth defects . 
Mercury and mercury compounds are included in the list of priority pollutants and 
different regulations and guidelines have been developed limiting their levels in water 
and sediments169. However mercury plays an important role in Science and Technology,
17 n t7iand therefore inevitably exists in the Environment ’ . The World Health Organization 
has set a value of 0.002 mg/1 for mercury in drinking water144. The detection of mercury 
has long held the attention of the Analytical Chemistry Community and, as such, a large
177  17^number of protocols have arisen ' . On the other hand, the toxicity level of mercury is 
becoming lower and lower, the direct determination of mercury at sub-microgram per 
liter level is suffered from the matrix interferences. It is evident that despite recent 
advances in analytical instrumentation176, the use of separation and pre-concentration 
procedures is still often necessary before the determination step.
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A number of methods for the removal of the mercury (II) from aqueous solutions are 
available, including a reduction process, sulfide, ferrous chloride, magnetic ferrites 
treatments as well as the use of ion exchange by itself or combined with chelating
• 177  •resins . It is known that adsorption is one of the most efficient methods for the removal 
of heavy metals from wastewater. Activated carbon is the most widely used adsorbent 
due to its excellent adsorption capability for heavy metals. However, the use of these 
methods is often limited due to their high cost, which makes them unfavourable for the 
needs of Developing Countries.
There are many techniques available for metal pre-concentration such as liquid-liquid 
extraction (LLE)178 and solid phase extraction (SPE)179*184. SPE is experienced with 
several major advantages over the classical liquid extraction technique and these include 
(i) the fast, simple and direct sample application in very smallsize (microliter volume) 
without any sample loss; (ii) no waste generation as practiced in the liquid extraction 
method; (iii) SPE can be interfaced with the major chromatographic technique and finally 
(iv) time and cost saving. However, the main drawback of SPE is the lack of
| n r
selectivity , which leads to high interferences of other existing species found with the 
target metal ion. Increasing selectivity of the sorbent is thus an interesting area of 
research.
Among the many types of solid phases used in SPE, silica gel immobilized with various 
organic compounds as metal chelating agents has received great attention. The major 
objective of the silica gel immobilization with certain functional groups is to incorporate 
some selectivity character in the newly synthesized material to extend their use and 
application as selective solid phase extracting agents. The rules controlling the selectivity 
incorporated in the silica gel phases are mainly based on the application method. For 
instance, silica gel modified with , some chelating compounds, the size of the organic 
modifier186, the activity of the loaded surface groups187 and the nature of the interacting 
donor atom and metal ion188*190 may rule.
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Sulfur containing compounds are considered as soft bases and metal ions such as mercury 
(II), palladium (II), platinium (II) and (IV) and silver (I) are classified as soft acids. As 
such strong and selective binding between these species are favoured. This characteristic 
behaviour have prompted many researchers to immobilize the silica gel surface with 
sulfur containing chelate compounds for pre-concentration, selective extraction and 
separation of these metal ions. Examples of such phases are N-alkyl dithiocarbamate, 
N,N-dialkyldithiocarbamate and bis dithiocarbamate used for pre-concentration of some 
cations191, thiosemicabazide, 2-[(2-triethoxysilyl)ethylthio]analine for the separation and 
selective extraction of palladium from other interfering metal ions192, mercapto- 
derivatives and iminodithiocarbamate dervatives for the selective extraction of 
mercury(II) from natural water samples .
The affinity of sulfur containing compounds for mercury (II) through sulfur donor atoms 
were reported194,195. Within this context, Danil de Namor and coworker131,132reported the 
attachment of diethyl sulfide group to the backbone of calix[4]arene and calix[4]pyrrole 
macrocycles (Section 3.1.5). Thus, the obtained compounds showed selective interaction 
with soft metal cations such as Hg(II) and Ag(I) cations! However diethyl sulfide 
derivatives represent a class of compounds that have not been previously immobilized on 
the surface of silica gel. Therefore, this work is devoted to the preparation, 
characterization and evaluation of the uptake properties of a sulfur containing 
calixpyrrole polymer and silica-based materials with the anticipation of the potential 
application of these materials as new selective extracting agents for mercury(II) from 
aqueous media. Parameters such as the kinetics of the uptake process, the pH, the 
temperature and the metal-ion concentration effects were evaluated.
This work also includes the experiments aiming to remove arsenate and phosphate anions 
from aqueous media. The medium effect on the percentage of uptake of these anions is 
also investigated.
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4.2. Characterisation of Calixpyrrole Polymers (Resins 1 and 2)
As far as calixpyrrole polymers are concerned, mass spectrometry was used to gain 
information about the number of monomers contained in the polymers. Thus, a residual 
peak is observed at 1411.3 for Resin 1 indicating the formation of a dimer. On the other 
hand the residual peaks observed between 1600 - 1800 for Resin 2 indicate the formation 
of a dimer while the peaks found between 2600 -  2800 indicate the formation of a 
polymer which is at least three times the molecular weight of the monomer (Appendix 
C).
The themiogravimetric curve of Resin 2 is shown in Appendix C. An initial 1 % weight 
loss at 373 K is attributed to the release of water physically adsorbed on the surface. The 
analysis shows another loss of mass of 52 % between 748 and 773 K, which may be due 
to the decomposition of the organic groups.
4.3. Characterisation of Silica-based Materials (Si and S2)
The amount of attached diethyl sulfide to silylated silica (I) was calculated by 
determining the carbon, hydrogen and nitrogen contents using elemental analysis. Thus, 
based on the % composition of carbon atoms in Si and S2, the concentration of diethyl 
sulfide immobilize to silylated silica was 0.25 and 0.20 mmol g"1 for Si and S2 
respectively.
Table 4.1 Elemental analysis of silica, silylated silica (I), and functionalized silica (Si 
and S2)
Material % C % H % N
Silica (60 pm) 0.00 0.00 0.00
Silica silane (I) 4.68 1.32 1.53
Modified Silica (Si) 5.86 1.38 1.48
Silica (0.2-0.5 mm) 0.00 0.00 0.00
Silica silane (I) 6.84 1.76 2.06
Modified Silica (S2) 7.84 1.81 2.12
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In the next Section, the ability, of calixpyrrole polymer to uptake arsenate and phosphate 
anions from aqueous media at 298.15 K will be discussed.
4.4. The Extraction of Dihydrogen Phosphate and Dihydrogen Arsenate from 
Aqueous Solution by the Calixpyrrole Polymer (Resin 2)
The analysis of phosphate and arsenate anions was carried out 
spectrophotometrically (X = 650 nm) using the stannous 
chloride method described in Section 2.11.2115'117. This 
analytical method is extremely sensitive and is reliable down 
to concentrations below 0.1 ppm and therefore was the 
analytical technique selected for the determination of these 
anions in water. Each analysis point was an average of three 
independent parallel sample solutions.
OH 0H
Resin 2
4.4.1. Calibration Curves for the Determination of H2ASO4' and H2PO4' in Water
The calibration curves for the determination of the dihydrogen arsenate and phosphate 
concentrations in water are shown in Figs 4.1 and 4.2.
0.6
y  =  3 9 1 1 .3 x +  7E -05  
R2 = 0 .9 7
0.4 -
0.2 -
0E+O0 2E-05 4E-05 6E-05 8E-05 IE-04 IE-04
[H2As04 J
Fig. 4.1 Calibration curve for the determination of H2As04' in water at 298 K.
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1.35 -\ 
1.20 
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0.15 
0.00
y = 819.43x + 0.0985  
R2 =  0.98
0.0E+00 2.0E-04 4.0E-04 6.0E-04 8.0E-04 1.0E-03 1.2E-03
[H2PO4 ]
Fig. 4.2 Calibration curve for the determination of PbPCV in water at 298 K.
The data recorded in order to construct these calibration curves are presented in Table
4.2.
Table 4.2 Recorded absorbances at different concentrations of H2ASO4'  and H2PO4' in 
water.
H2ASO4 h 2p o 4
A
[H2As04’] 
(mol dm’3)
A
[h 2p o 4’J
*3
(mol dm’ )
0.056
O1—1X 0.274 2 X 10'5
0.084 2 x 10'5 0.414 1 X 1C4
0.100 3 x 10'5 0.528 2 x 10-4
0.145 4 x 10’5 0.85 4 x 1 0 ^
0.172 . 5.x 10'5 1.026 6 x 10-4
0.260 6 x 10'5 1.142 8 x 10-4
0.332 8 x 10’5 1.342 1 x 10'3
0.325 9 *  10'5
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4.4.2. Determination of the Optimum Amount of Resin 2 for the Uptake of 
Arsenate and Phosphate Anions from Aqueous Media at 298.15 K
The optimum weight of Resin 2 used for the extraction of arsenate and phosphate anions 
(K+ as counter-ion) was determined by batch experiments at solid/liquid ratios ranging 
from 0.1 to 20 g/1. (Table 4.3). Arsenate (H2ASO4') and phosphate (H2PO4') anions 
concentrations were 1* 10"4 and lx 10'3 mol dm"3 respectively.
Resin 2 showed no further increase in the uptake of anions after the addition of 6 and 2 
g/1 of this material for the extraction of arsenate and phosphate respectively (Figs. 4.3 and 
4.4). The maximum FI2ASO4" removal efficiency was about 90 % at solid to liquid ratio of 
2 g/1, while for the phosphate anion it was 60 % at 6 g/1. This suggests that after a certain 
amount of material, the maximum retention sets in and hence the amount of ions retained 
by the material and that of free ions at the equilibrium remains constant even with further 
addition of the calixpyrrole polymer. Resin 2 showed a partial retention for phosphate 
anions (60 %) as indicated from Fig 4.4.
Table 4.3 Effect of the amount of Resin 2 on the extraction percentage of arsenate and 
phosphate anions from aqueous media at 298.15 IC.
H2AS04 ' H2PO4'
Amount of Resin 2 % E Amount of Resin 2 % E
(g/1) (g/1)
0.2 82.12 2.0 27.72
0.3 85.70 4.0 49.34
2.5 89.02 6.0 55.44
5.0 90.81 8.0 58.37
8.0 90.56 11.0 59.24
10.0 90.30 13.7 60.18
18.0 60.18
20.0 60.12
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R =  0.91
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0 2 4 6 8 10
Solid/Liquid (g/1)
Fig. 4.3 Effect of the amount of Resin 2 on the percentage of extraction of H2ASO4' anion 
from aqueous media at 298.15 K
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W
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Fig. 4.4 Effect of the amount of Resin 2 on the percentage of extraction of H2PO4' anion 
from aqueous media at 298.15 K
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4.4.3. Arsenate and Phosphate Uptake Isotherms at 298.15 K
Arsenate and phosphate aqueous solutions at different concentrations (2 x 10'5 and 1 x 10'5 
mol dm'3) were treated with 0.05 and 0.1 g of Resin 2 respectively. The uptake isotherms 
(Figs. 4.5 and 4.6) were obtained by plotting the capacity of material (qe / mmol/g) as a 
function of the concentration of anion of interest at equilibrium (Ce mmol/1). These plots 
show the effect of varying the arsenate and the phosphate concentrations against the 
amount of anions retained. The amount of uptake increases with increasing the 
concentration, of H2ASO4" and H2PO4' anions and finally reaches a saturation point. This 
may be due to the availability of more arsenate ions at the interface as a result of the 
increase of the concentration of anions in solution, thus enhancing the amount of 
extraction of ions from solution. When the active sites are loaded, the extent of extraction 
reaches a limit resulting in saturated retention.
0.008
0.007
0.006
R2 = 0.96
o
a
a
0.005
0.004
$  0.003
0.002
0.001
0.000
0.00 0.10 0.20 0.30 0.40 0.50 0.60
ce (mmold)
Fig. 4.5 Isotherm plot for H2ASO4'uptake from aqueous solution by Resin 2 at 298.15 K.
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Fig. 4.6 Isotherm plot for H2PO4’uptake from aqueous solution by Resin 2 at 298.15 K.
The uptake isotherms for arsenate and phosphate anions are shown in Figs. 4.7-4.10. The 
isotherms indicate that the uptake of these anions increases with increasing equilibrium 
concentrations of arsenate and phosphate ions.
The equilibrium experimental data were correlated with Langmiur and Freundlich 
isotherm models. The Langmiur isotherm is represented by the following equation:
c e 1 c e—  = — + —  (eqn. 4.1)
<le b 9m  q m
In eqn 4.1, ce is the equilibrium concentration (mmol/1), qe is the amount of pollutant 
uptake at equilibrium (mmol/g), and qm and b are Langmiur constants related to the 
uptake capacity and the energy respectively.
A further analysis of the Langmiur equation can be made on the basis of a dimensionless 
equilibrium parameter, R l,  (known as the separation factor), which is considered as the 
most reliable indicator of metal ion retention. This parameter is given by
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r l  =-. (eqn. 4.2)
1 + bCj
In eqn 4.2, Ci is the concentration at which the uptake experiment is carried out. For a 
favourable ion uptake, 0 < R l <  1; while R l >  1, represents an unfavourable ion uptake, 
and Rl = 1 indicates linear retention uptake.
The Freundlich adsorption isotherm is represented by the following equation:
logqe = log& + —logce (e9n- 4-3)
n
In eqn 4.3, ce is the equilibrium concentration (mmol/1), qe is the amount of anion uptake 
at the equilibrium, k and n are Freundlich constants.
The uptake isotherms for both anions respond better to the Langmiur equation (R2 = 0.99) 
relative to Freundlich. The Langmiur isotherm constants are given in Table 4.4.
Table 4.4 Langmiur and Freundlich anions uptake parameters at 298.15 K.
Langmiur Freundlich
Anion
q m
(mmol/g)
b
R2
(1/ mmol)
Rl
k
(mmol/g)
n R2
H2ASO4 0.005 43.08 0.99 0.99 0.006 3.028 0.97
H 2 P O 4 - 0.05 ,29.35 0.99 1.00 0.093 2.065 0.97
The qm and b values represented in Table 4.4 are calculated from the slopes and the 
intercepts of the plots of ce/qe (g/1) as a function of ce (mmol/1) (Figs 4.7-4.10).
Generally, the high binding constants, b, listed in this Table suggest that uptake of anions 
from solution is taking place by the. solid phase via the interaction with the active groups 
of Resin 2. The Langmiur capacity, qm, is quite large for the dihydrogen phosphate
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relative to the arsenate anion. The separation factor, R l,  also supports the favorable 
uptake of these anions by the calixpyrrole polymer (Resin 2) (R l=  0.99).
As far as the Freundlich model is concerned, the high values for n (a measure of the 
intensity of the uptake) for both anions indicate favourable retention. The value of k (a 
measure of the uptake capacity) for the phosphate is higher than that for the arsenate 
anion.
140 n
y = 217.88x+5.0574 
R2 = 0.99120 -
100 -
wd 80 - 
cy<
C? 60 '
40 -
2 0  -
0.0 0.1 0.2 0.3 0.4 0.60.5 0.7
ce (mmol/1)
Fig. 4.7 Linearized Langmuir isotherm for FLAsOT anion uptake from aqueous solution 
by Resin 2 at 298.15 K.
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ce (mmol/I)
Fig. 4.8 Linearized Langmuir isotherm for H2PO4' anion uptake from aqueous solution by 
Resin 2 at 298.15 K.
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Fig. 4.9 Linearized Freundlich isotherm for ILAsCV anion uptake from aqueous solution 
by Resin 2 at 298.15 K.
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Fig. 4.10 Linearized Freundlich isotherm for H2PO4' anion uptake from aqueous solution 
by Resin 2 at 298.15 K.
4.4.4. The pH Effect on the uptake of Arsenate and Phosphate Anions by Resin 2 at
The pH effect on the efficiency of Resin 2 for the extraction of arsenate and phosphate 
anions was investigated over a wide range of pHs (2-12). In Figs 4.11 and 4.12 the 
changes in the percentage of extraction (% E) of anions by Resin 2 are plotted as a 
function of pH. Inspection of these Figures shows that the uptake of these anions from 
aqueous solution is pH dependent. The amount of arsenate retained by Resin 2 as a 
function of pH is shown in Fig. 4.11. The percentage of arsenate extracted increases with 
pH under strongly acidic conditions; it levels off and remains nearly constant between pH 
5 and 7, and then decreases as the solution becomes more alkaline. On the other hand, the 
fraction of phosphate extracted by the calixpyrrole polymer as a function of pH is 
presented in Fig 4.12. The amount of phosphate removed by Resin 2 increases with the 
pH of the anion solution until neutral media and then decreases as the solution becomes 
more alkaline.
298.15 K
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To explain how the change in the pH of the medium affects the anion uptake by Resin 2, 
the following reactions196 are considered
H3PO4 ^  H2P 04' + H+ (pKai =2.12) 
H2PO4' =  HPO42' + 1f  (pKa2 = 7.21) 
HP042' ~  P 043' + H+ (pKa3= 12.15) (eqn 4.6)
(eqn 4.4)
(eqn 4.5)
At pH 2.12, the pKaj of phosphoric acid, the species of phosphate exist as half 
phosphoric acid (H3PO4) and half dihydrogen phosphate (H2PCV). Similarly, at pH 2.19, 
the pKai of arsenic acid, the species of arsenic acid exist as half arsenic acid (H3ASO4) 
and half dihydrogen arsenate (H2AsC>4'). The neutral species (H3PO4 or H3ASO4) are less 
interactive with the binding sites of the polymer. Therefore, a lower percentage of 
extraction of phosphate and arsenate anions at low pH values was found (Figs. 4.11 and 
4.12). At solution pH 4.66, halfway between pKai and pKa2, a maximum concentration 
of negative monovalent ions (H2PC>4‘ or H2As(V) dominates in solution196. Consequently 
a higher Coulombic attraction between the binding sites of the polymer and the 
monovalent ions leads to a higher phosphate and arsenate uptake. In neutral solution (pH 
= 7), close to pKa value, the H2P 04' is only a little higher than that of HPO42". Likewise, 
arsenate solution contains equal amounts of dihydrogen arsenate, H2As04_, and 
monohydrogen arsenate, HASO42'. At such pH value, the magnitude of Coulombic 
attractive force is reduced as the active sites become neutral. Subsequently the quantities 
of phosphate or arsenate retained by resin 2 decrease with an increase in pH. At a pH 
value of 12.15, the pKa3 of phosphoric acid, the phosphate solution consists of equal 
concentrations of HPO42' and PO43'. The higher pH value enhances the Coulombic 
repulsion between the active sites and the negatively charged species in solution. 
Therefore, the lower uptake of phosphate and arsenate anions at higher pH values 
resulted from an increased repulsion between the more negatively charged PC>43_ and 
As04 * species and surface sites.
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Fig. 4.11 Effect of pH on the uptake of H2ASO4" anion from aqueous solution by Resin 2 
at 298.15 K
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Fig. 4.12 Effect of pH on the uptake of H2PO4" anion from aqueous solution by Resin 2 at
298.15 K
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4.5. Metal Cations Uptake from Aqueous Media by the Calixpyrrole Polymer and 
the Silica-based Materials at 298.15 K
The selective interaction of calixpyrrole derivative, CP(VII), with Hg(II) in acetonitrile at
298.15 K was discussed through *11 NMR, conductance and calorimetric studies in the 
previous Chapter. Therefore the polymerization of CP(VII) was performed (Section 
2.3.1) and the ability of the obtained polymer (Resin 1) to uptake metal cations from 
water will be discussed in the next Section. For comparison purposes and to offer the 
advantage of different surface areas, silica based materials (Si and S2) were produced and 
explored for their abilities to retain metal cations from aqueous media.
Flame atomic absorption spectrophotometry was used for the determination of metal 
cations in solution.This analytical technique is considered to be a highly sensitive method 
which can be applied over a wide range of concentrations. On the other hand the EDTA 
complexometric titration method was used to analyze the cncentration of Hg(II) in 
aqueous solutions.
4.5.1. Calibration Curves for the Determination of Cd(II) and Pb(II) in W ater
The calibration curves for the determination of the Cd(II) and Pb(II) concentrations in 
water are shown in Figs. 4.13-4.14.
0.35 n y = 0.287x + 2E-05 
R2 = 10.30 -
0.25 -
0.20 -
0.15 -
0.10  -
0.05 -
0 0.40.2 0.6 0.8 1 1.2
[Cd2+] ppm
Fig. 4.13 Calibration curve for the determination of Cd(II) in water at 298 K
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Fig. 4.14 Calibration curve for the determination of Pb(II) in water at 298 K
The data recorded in order to construct these calibration curves are presented in Table
4.5.
Table 4.5 Recorded absorbances at different concentrations of Cd(II) and Pb(II) in water 
at 298.15 K.
Cd(II) Pb(II)
A [Cd(II)] (ppm) A [Pb(II)J (ppm)
0.0213 0.074 0.019 1
0.0579 0.202 0.031 2
0,1255 0.437 0.047 3
0.1802 0.628 0.059 4
0.2113 0.736 0.074 5
0.2913 1.015 0.088 6
0.099 7
0.114 8
0.139 10
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4.5.2. Effect of the Amount of Materials (Resin 1, SI and S2) on the Uptake of 
Metal Cations from W ater at 298.15 K
The effect of the amount of extracting agent used (Resin 1, S.i or S2) on the uptake of 
metal cations from aqueous solutions has been studied by varying the amount of material 
while keeping other parameters [pH, temperature, contact time, and initial concentrations 
of metal cations (1 x 10' mol dm’ )] constant (Table 4.6). It can be observed that the 
removal efficiency of the active materials generally improve with increasing their 
amounts (Figs. 4.15 - 4.17). This is expected due to the fact that the higher amount of 
material, the greater is the availability of binding sites. No further increase in extraction is 
observed after a certain amount of material was added (3.5-12.5 g/1). The maximum Hg 
(II) removal efficiency by the material was found to be 86 % when the amount of Si was 
3.5 g/1, while an uptake of 60 % was found at 12.5 g/1 of S2 and for the calixpyrrole 
polymer it was 67 % at 10 g/1 of this material. This suggests that a point is reached when 
maximum retention sets in and hence the quantity of ions bound to the material remains 
constant.
Table 4.6 Effect of the amount of active material (Resin 1, Si and S2) on the extraction 
percentages of Hg(II) cation (nitrate as counter-ion) from aqueous media at 298.15 K.
Resin 1 Si s 2
Dose (g/1) % E Dose (g/1) % E Dose (g/1) % E
1.0 28.72 0.5 16.67 0.5 20.00
2.2 41.49 1.0 25.00 1.0 30.00
4.1 50.00 1.5 41.67 1.5 40.00
6.0 57.45 2.0 53.33 1.9 36.67
8.0 63.83 2.5 68.33 2.5 40.00
10.0 65.96 3.0 81.67 3.2 43.33
12.0 67.02 3.5 86.67 4.9 43.33
, 14.0 66.49 4.0 85.83 7.5 43.33
16.0 67.02 4.5 86.33 9.1 50.00
5.0 85.67 12.5 60.00
21.3 60.00
It is interesting to note that the maximum removal capacity of the three types of materials 
differs from one to another due to the extent of surface modification. Therefore, the
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difference in the extraction percentages of Si and S2 is attributed to the difference in the 
silica particle size, where the material with smaller size (Si) is able to extract Hg(II) ions 
more efficiently from the aqueous media than S2. On the other hand, the organic based 
material (Resin 1) shows a higher extracting ability toward mercury ions (67 % at 10 g/1) 
than S2 (large particle size silica). However, the higher removal efficiency of Si (86 %) 
for the Hg(II) cation relative to the sulfur containing calixpyrrole polymer may be due to 
the smaller size particles of the former material and hence the higher concentration of 
diethyl sulfide (0.25 mmol/g) anchored to its surface.
Using the same optimum mass for the maximum extraction of Hg(II) cations from 
aqueous solutions at 298 K, the efficiency of these active materials was tested for other 
metal cations such as Pb(II) and Cd(II) and the results are included in Table 4.7.
Table.4.7 Percentages of metal-ion salts (nitrate as counter ion) extracted from aqueous 
solutions by a calix[4]pyrrole polymer (Rsein 1) and silica based materials (Si and S2) at 
298 K.
Metal cation
% Extraction
[M2+] initial
(mol/dm'3) Resin 1 Si • -S2
Hg(H) 1 x 10'3 71 90 60
Cd(II) 1 x 10'3 0 38 28
Pb(II) 1 x 10'3 95 60 3
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Fig. 4.15 Optimum mass (g) of Resin 1 for the uptake of the Hg(II) cation from aqueous 
solution at 298.15 K
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Fig. 4.16 Optimum mass .(g) of Si for the uptake of the Hg(II) cation from aqueous 
solution at 298.15 K.
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Fig. 4.17 Optimum mass (g) of S2 for the uptake of the Hg(II) cation from aqueous 
solution at 298 K.
4.5.3. Metal Cation Uptake Isotherms Using Different M ateriala at 298.15 K
The equilibrium experimental data were correlated with Langmiur and Freundlich 
isotherm models as described below.
i-The Langmiur Isotherm
Figs 4.21 - 4.23 are linear plots of ce/qe vs ce, which is an indication of the applicability 
of Langmiur isotherm for the systems under consideration. The uptake of Hg(II) by these 
materials follows the Lamgmiur isotherm model. The qm and b values represented in 
Table 4.8 are calculated from the slopes and the intercepts of these plots.
Generally, the high binding constants, b, listed in Table 4.8 reflect the uptake of the 
Hg(II) cation from aqueous solution by the solid phase via the sulfur donor sites197,198. 
This value is larger for Resin 1 relative to silica based materials (Si and S2).
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The Langmiur monolayer capacity is quite large with values of 0.29, 0.46 and 0.35 
mmol/g for Resin 1, Si and S2 respectively (Figs. 4.18 - 4.20). The separation factor, Rl, 
also corroborates the favorable uptake of Hg(II) cations by the calixpyrrole polymer and 
silica based material, S1.
Table 4.8 Langmiur and Freundlich Hg(II) ion uptake parameters at 298 K for Resin 1,
Si and S2.
Material
Langmiur Freundlich
qm
(mmol/g)
b
(1/ mmol)
R2 Rl
k
(mmol/g)
n R2
Resin 1 0.29 15.12 0.99 0.99 0.34 2.48 0.98
Si 0.46 6.16 0.99 0.99 0.33 6.25 0.98
s2 0.35 0.50 0.91 1.00 0.10 1.42 0.95
ii- The Freundlich Isotherm
The Hg(II) retention by Resin 1, Sj and S2 follows the Freundlich isotherm (Figs. 4.24 - 
4.26). The plots show good linearity (R2 = 0.95 - 0.98). The values for the uptake 
coefficients, computed from these plots are given in Table 4.8. As far as Resin 1 and Si 
are concerned, the correlation coefficients show that, in general, the Langmiur model 
fitted the results slightly better than the Freundlich model. However, the Freundlich 
isotherm equation (R2 =0.95) seems to describe better the uptake of the Hg(II) cation by 
S2 than the Langmiur equation (R2 =  0.91). The values for these coefficients indicate the 
favourable retention of the Hg(II) cation by the calixpyrrole polymer and the silica-based 
materials. The 1/n values obtained in this study (Figs. 4.24 - 4.26) (0.1 < 1/n <1.0) 
indicate that these materials can be used effectively for the removal of Hg(II) from 
aqueous solutions.
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Fig. 4.18 Uptake isotherm for the Hg(II) cation from aqueous solution by Resin 1 at 
298.15 K.
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Fig. 4.19 Uptake isotherm for the Hg(II) cation from aqueous solution by Si at 298.15 K.
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Fig. 4.20 Uptake isotherm for the Hg(II) cation from aqueous solution by S2 at 298.15 K.
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Fig. 4.21 Linearized Langmuir isotherm for the Hg(II) uptake from aqueous solution by 
Resin 1 at 298.15 K.
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Fig. 4.22 Linearized Langmuir isotherm for Hg(II) uptake from aqueous solution by Si at 
298.15 K.
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Fig. 4.23 Linearized Langmuir isotherm for Hg(II) uptake from aqueous solution by S2 at 
298.15 K.
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Fig. 4.24 Linearized Freundlish isotherm for the Hg(II) uptake from aqueous solution by 
Resin 1 at 298.15 K.
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Fig. 4.25 Linearized Freundlish isotherm for the Hg(II) uptake from aqueous solution by 
Si at 298 K.
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Fig. 4.26 Linearized Freundlish isotherm for Hg(II) uptake from aqueous solution by S2 
at 298 K.
4.5.4. The Effect of pH on the Uptake of Mercury(II) from Aqueous Solution by a 
Calixpyrrole Resin and Silica-based Materials at 298.15 K
The effect of pH on the uptake of Hg(II) from aqueous solution by Resin 1, Si and S2 was 
investigated. For this purpose, the amount of material used and the concentration of 
solution (lxlO '3 mol dm'3) were kept constant. The outcome of these experiments is 
shown in Figs. 4.27 - 4.29 in which percentages of extraction (% E) are plotted against 
the initial pH of the solution. The mercury (II) uptake by the organic based polymer 
(Resin 1) shows no changes by altering the pH of the solution. On the other hand, both of 
the silica-based materials show an increase in the metal ion uptake up to pH 6, afterwhich 
the capacity of these materials decreased significantly. It is apparent from Figs. 4.28 and 
4.29 that Hg(II) solutions with an initial pH of 5.5-7.5 gives the highest extraction values. 
It is expected that the retention of Hg(II) cation decreases at low pH values due to of the 
proton-cation competition for binding sites. However at pH values higher than 8,
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hydroxo-species of the metal ions can be formed and these are unable to enter the binding 
sites on the surface of the active material.
2 4 6 8 10
PH
Fig. 4.27 The effect of pH on the uptake of Hg(II) cations from aqueous solution by 
Resin 1 at 298.15 K
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Fig. 4.28 The effect of pH on the uptake of Hg(II) cations from aqueous solution by Si at
298.15 K
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Fig. 4.29 The effect of pH on the uptake of Hg(II) cations from aqueous solution by S2 at
4.5.5. The Kinetics of the Extraction Processes involving the Mercury(II) Cation 
from Aqueous Solution by a Calixpyrrole Resin and Silica based Materials at
The kinetics of the uptake of Hg(II) from aqueous solution by resin 1, Si and S2 was 
investigated by determining the percentage of extraction of Hg(II) cation at different time 
intervals (10-160 min). Other parameters such as amount of the material, pH of the Hg(II) 
solution and agitation speed were kept optimum, while temperature was kept at 298.15 K. 
The outcome of these experiments is shown in Figs. 4.30 - 4.31 in which % E are plotted 
against the contact time. The results indicate that the % extraction of Hg(II) from aqueous 
solution increases with an increase in contact time before equilibrium is reached. It can 
be seen that the uptake of Hg(II) by Resin 1 increases from 25% to 70% when the contact 
time was increased from 10 to 30 min. Optimum contact time for Si was found to be less 
than 5 min, compared to that of S2 which was 20 min. Therefore the kinetics of the 
extraction process o f Hg(II) by the silica based material with the smaller particle size (Si) 
is faster relative to S2 (large size particles) and the calixpyrrole polymer (Resin 1). The 
availability of various functional groups on the surface of silylated silica, able to enter
298.15 K
298.15 K
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interaction with Hg cations, significantly improved the binding capacity and the process 
proceeded rapidly. This result is important, as the kinetics of the process is one of the 
most important parameters to consider for an economical wastewater treatment system.
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Fig. 4.30 Determination of the optimum time for the uptake of Hg(II) cations from 
aqueous solution by Resin 1 at 298.15 K
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Fig. 4.31 Determination of the optimum time for the uptake of Hg(II) cations from 
aqueous solution by S2 at 298.15 K
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4.5.6. Effect of Temperature on the Uptake of Hg(II) Cation from Aqueous 
Solution by a Calixpyrrole Polymer and Silica-based Materials at 298.15 K
The uptake of Hg(II) ions by the calixpyrrole polymer and the silica-based materials was 
studied as a function of temperature. The initial concentration of Hg(II) being kept at 1 x 
10'3 mol dm'3. Figs 2.32 - 4.34 show the plots of % E of Hg(II) from aqueous solution by 
the active materials as a function of temperature (°C). As far as silica based materials are 
concerned (Figs. 4.33 and 4.34), insignificant changes in their extracting ability were 
observed by increasing the temperature. On the other hand, it is evident from Fig. 4.32 
that the removal of Hg(II) from aqueous solution by the calixpyrrole polymer increases 
with temperature and that shows the endothermic nature of the uptake process. This 
indicates that the newly synthesized calixpyrrole resin is able to remove a higher 
percentage of Hg(II) from aqueous solutions with temperature increase. This may be 
either due to acceleration of some originally slow uptake process or to the rearrangement 
of the polymer active sites on the surface of the polymer as a result of an increase in 
temperature.
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Fig. 4.32 The effect of temperature on the uptake of Hg(II) cations from aqueous water 
by Resinl
234
Chapter Four Applications
100 -i
90
80
70
60
W „  v© 50 _ 6s
40 
30 
20 H 
10 
0
10 15 20 25 30 35 40
T /°C
Fig. 4.33 The effect of temperature on the uptake of Hg(II) cations from aqueous solution 
by Si
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Fig. 4.34 The effect of temperature on the uptake of Hg(II) cations from aqueous 
solution by S2
235
Chapter Four Applications
4.5.7. Particle Size Effect on the Removal of Mercury(II) from Aqueous Solutions 
by Modified Silica
Uptake experiments were carried out with the aim of determining the capacity of silica 
based materials, qe, for the removal of Hg(II) cation from aqueous solutions using two 
different particle sizes of silica (0.06 mm and 0.2-0.5 mm for Si and S2 respectively). The 
results presented in the pervious Sections show that the capacity of Si (small particle 
size) for Hg(II) cations is higher than that of S2 (large particle size). This is because the 
smaller particles size offered comparatively larger surface area and hence higher metal 
ion uptake occurs at equilibrium. Silica based materials of small particle size also 
improves the kinetics of the extraction process. The main advantage of using large 
particle silica material (S2) is the production of lower pressure inside the material 
containing micro-columns.
4.5.8. Column Operation
Uptake and elution processes are governed by different factors (pH, flow rate, sample 
volume, analyte concentration, elution volume and sample matrix). The uptake of Hg(II) 
ions was carried out by passing an aqueous solution (1 x KT4 mol dm"3) of Hg(II) (nitrate 
as counter ion) through a stainless column (0.5 cm inner diameter and 5 cm length) 
packed with Resin 1 (0.58 g) at a flow rate of 2 ml min'1. The amount of mercury retained 
in the column remains constant up to 520 ml (Fig. 4.35). However, the efficiency of the 
calixpyrrole polymer starts to decrease after the uptake of 0.052 mmol of Hg(II). 
Saturation point was reached after 0.1 mmol of Hg (II) was retained by the material 
packed in the column.
An extracting agent is considered to be highly efficient if the release of the retained metal 
ions is fast and quantitative. In this context, it was found that 0.1 mol dm'3 EDTA was 
effective for recycling the calixpyrrole polymer. After mercury ions were recovered from 
the resin, the resin was washed with enough distilled water for 1 h at a flow rate of 2 ml 
min'1. This regenerated material was used again for the extraction of mercury.
The extraction-recovery-regeneration cycle was repeated three times using a column 
containing the calixpyrrole polymer (Fig. 4.36). The uptake performance of the
236
Chapter Four Applications
regenerated material was found to be very close to the freshly prepared resin which 
indicates that this material can be regenerated and re-used repeatedly at least for three 
times.
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Fig. 4.35 Extraction percentages of Hg(II) by Resin 1 as a function of the volume (ml) of 
the aqueous solution of Hg(II) salt (nitrate as counter ion).
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Fig. 4.36 Extraction percentages of Hg(II) by Resin 1 as a function of the volume (ml) of 
the aqueous solution of Hg(II) salt (nitrate as counter ion).
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4.5.9. Comparison with Alternative Materials
Although materials reported in the literature for the uptake of mercury, shown in Table
4.9, can effectively reduce the amount of mercury in polluted sites, there is scope for 
improvement. The modified silica (Si and S2) and calixpyrrole resin (Resin 1) show fast 
mercury uptake, regenerability and reasonable selectivity. In addition, Resin 1 is of low 
cost, easily prepared and provides comparable capacities with other reported 
materials87'199'201.
Table 4.9 Mercury uptake capacities (mmol/g) of Resin 1 and silica based materials (Si 
and S2) and other materials.
Material Capacity(mmol/g) Ref.
Resin 1 0.29
Silica based material, Si 0.46
Silica based material, S2 0.35
Dithiocarbamate grafted on silica gel 0.30 199
1,5 Diphenylcarbazide ftmctionalized sol-gel material 0.028 199
Dithiocarbamate-incorporated monosize polystyrene 
microspheres 0.16 200
Dithioacetal graft immobilized on silica-gel 0.70 201
Resin A 0.073 87
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5. Conclusions
1- In this thesis, the synthesis of a new series of calixpyrrole derivatives by the 
fiinctionalization of calix[4]pyrrole through the replacement of pyrrole by thiophene 
rings (CP(II), CP(III) and CP(VI)) and the substitution of the methyl groups at the 
meso-position of pyrrole units with pendent arms containing sulphur donor atoms 
(CP(VI) and CP(VII)) have been successfully achieved.
2- NMR measurements show that calix[4]pyrrole ligands (CP(I), CP(II), CP(VI) and 
CP(VII)) interact selectively with anions in non aqueous solvents at 298 K through 
the NH functionalities of the pyrrole rings. However, the sulphur donor atoms are 
taking part in the complexation of sulfur containing calixpyrroles (CP(II)-CP(IV), 
CP(VI) and CP(VII)) with metal cations in CD3 CN at 298 K. The larger chemical 
shift changes of the NH protons of CP(I)31 upon the addition of anion salts in these 
solvents compared with other calixpyrrole derivatives reveal the impact of replacing 
in the structure of CP(I), one pyrrole by a thiophene unit in CP(II) and the effect of 
the fiinctionalization of this ligand with sulfur containing pendent arms in CP(VI) 
and CP(VII). These structural modifications induced the unique interaction of CP(III) 
and CP(IV) with Hg(II) through the sulfur donor atom as indicated by *H NMR 
investigations.
3- Solubility data show that as the number of thiophene units increases, the solubility 
decreases. This effect mostly observed in the alcohols is partially attributed to the 
reduction in the number of NH groups that are likely to enter hydrogen bonding with 
these solvents. Comparison between the partition (involving the mutually saturated 
solvents) and the transfer (involving the pure solvents) standard Gibbs energies of the 
calixpyrrole receptors in the hexane- acetonitrile solvent system indicates that the 
mutual solubility of these solvents is very low.
4- Conductance measurements demonstrated that in acetonitrile, 1:1 complexes are 
formed between calixpyrrole ligands (CP(I), CP(II), CP(VI) and CP(VII)) and halide
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anions while the interaction of the CP(II) ligand with the di-hydrogen phosphate 
anion in MeCN leads to the formation of a 2:1 (ligand : anion) complex. As far as the 
complexation of calixpyrrole derivatives with metal cations is concerned, 
conductance studies established that calixpyrroles, CP(III), CP(IV) and CP(VII), 
form a 1:1 (Hg(II):ligand) complexes in acetonitrile at 298.15 K. However the 
interaction of CP(II) and CP(VI) with this metal cation in acetonitrile leads to the 
formation of a 2:1 (Hg(II)rligand) complex. This stoichiometry was also verified by 
potentiometric and UV-visible spectrophotometric studies.
5- While the parent calix[4]pyrrole still remains the more suitable ligand to selectively 
recognize halide anions, the selectivity trend of the halides with the fimctionalized 
calixpyrroles has not changed from that of CP(I). However, a decrease in the log Ks 
values was observed for these ligands with the anions in non aqueous media when 
compared to that obtained for CP(I)31 in the same solvents at 298.15 K. This is 
attributed to a reduction of the number of NH groups (sites of interactions with 
anions) which decreases the number of sites available for anion interaction through 
hydrogen bond formation.
6- Solution thermodynamics of calixpyrrole ligands and their anion complexes in non 
aqueous solvents were determined at 298.15 K. Enthalpies of transfer of the reactants 
[anion and free ligand (CP(II), CP(VI) and CP(VIII))] and the product from 
acetonitrile (as a reference) to other solvents were evaluated from standard enthalpies 
of solution of these ligands in various solvents. The medium effect on the 
complexation of these ligands and anions has been investigated in various solvents. 
Thus thermodynamic aspects of complexation are discussed in non aqueous solvents. 
The relevance of transfer data for the reactants and the product in the interpretation of 
the complexation process is demonstrated. The key role played by solvation in the 
complexation of these receptors with the fluoride anion is unambiguously 
demonstrated in the variations observed in the stability constants, enthalpies and 
entropies of complexation of these systems in the various solvents. It is concluded
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that the solvent plays a crucial role not only on the ability of the ligand to interact 
with anions but also on the composition of anion-complexes.
7- The complexation process of calixpyrrole derivatives (CP(II), CP(III), CP(VI) and 
CP(VII)) with the Hg(II) cation in acetonitrile are enthalpically stable. However the 
complexation process of the N-methyl substituted calixpyrrole, CP(IV), with this 
cation in acetonitrile is both enthalpically and entropically controlled. In acetonitrile, 
CP(VI) and CP(VII) can be classified as ditopic receptors given their abilities to 
interact with the Hg(II) cation and the fluoride anion as shown through !H NMR 
studies, conductance measurements and calorimetric titrations.
8- As far as Resin 1, Si and S2 are concerned, the results of this study indicate that these 
materials are suitable for the development of systems for the uptake and recovery of 
Hg(II) ions from aqueous media. The observed capacities for Resin 1, Sj and S2 were
0.29, 0.45 and 0.35 mmol/g respectively. These are comparable with other types of 
immobilized silica reported in literature199'201. In addition the calix[4]pyrrole polymer 
(Resin 1) is of low cost and easy and simple to prepare. This material can be 
regenerated and reused after EDTA treatment. The maximum capacity for the uptake 
of Hg(II) from aqueous solutions was strongly influenced by the silica particle size, 
the pH of the solution, the contact time and the amount of the extracting material.
9- As far as arsenate and phosphate anions are concerned, the calixpyrrole polymer 
(Resin 2) was successfully prepared following a previous procedure40 for the removal 
of these anions from water. The uptake properties of this polymer for the two anions 
depend on the pH and anion concentration of the aqueous solution. The Langmiur 
model describes the uptake data for arsenate and phosphate anions with correlation 
coefficients greater than 0.99.
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Suggestions for Further W ork
There are numerous areas that can still be explored. Here is a list of some research 
developments that could be made in the future.
1- Synthesis, structural and thermodynamic characterization of a calixpyrrole macrocycle 
with one pyrrole and three thiophene units can be made to complete the series of ligands 
belonging to the family of calix[n]thieno[m]pyrroles (CP(II) and CP(III)).
2- The isolation of suitable crystals of the Hg2+-CP(II)X22' for X-ray diffraction studies is 
required to gain insight into the structure of this complex salt.
3- The synthesis of calixpyrrole polymers (Resins 1 and 2) and their abilities to remove 
polluted ions from aqueous solution were discussed in this work. However, new resins 
can also be prepared by using other calixpyrrole receptors [CP(I), CP(II), CP(III) or 
CP(VI)] as monomers. It is essential to explore the ability of these resins to remove 
Hg(II) ions from aqueous solutions and to expand the investigation with other ionic 
pollutants.
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Appendix B
Conductometric titration data for mercury(II) perchlorate with CP(I) in acetonitrile at
298.15 K.
[CP(I)]/[Hg2+] ,c [CP(I)]/[Hg2+l ,.K(S.cm .mol ) (S.cm .mol )
0.00 336.15 1.16 324.27
0.08 334.88 1.24 323.48
0.15 333.83 1.31 322.83
0.23 333.00 1.39 321.98
0.31 332.10 1.47 321.20
0.39 331.48 1.54 320.43
0.46 330.66 1.62 319.59
0.54 329.97 1.70 318.76
0.62 329.29 1.78 317.87
0.70 328.48 1.85 317.05
0.77 327.80 1.93 316.36
0.85 327.07 1.16 324.27
0.93 326.46 1.24 323.48
1.00 325.66 1.31 322.83
1.08 325.00 1.39 321.98
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium fluoride with CP(II) in 
acetonitrile at 298.15 K.
[CP(II)]/[F] Am(S.cm^mol'1) [CP(II)]/[F-]
Am
(S.cm^mol'1)
0.00 155.83 0.88 111.96
0.08 152.29 0.96 109.05
0.15 148.84 1.05 105.98
0.21 145.62 1.13 105.38
0.26 142.63 1.22 104.91
0.32 139.77 1.31 104.77
0.38 136.49 1.42 104.67
0.44 133.47 1.52 104.56
0.49 130.84 1.62 104.43
0.55 127.90 1.72 104.16
0.63 123.69 1.82 104.02
0.72 119.72 1.92 103.72
0.80 115.71
Conductometric titration data for tetra-n-butylammonium chloride with CP(II) in
acetonitrile at 298.15 K.
[CP(II)]/[C1] Am(S.cm^mof1) [c p (ii) ] /[c n  /0 ,-kL v n  1 J (S.cm .mol )
0.00 153.67 1.63 124.56
0.13 150.76 1.76 122.82
0.26 147.48 1.88 121.24
0.38 144.02 2.02 119.67
0;51 141.71 2.15 118.41
0.66 139.28 2.27 117.15
0.78 137.45 2.41 115.89
0.91 135.09 2.53 114.94
1.05 132.93 2.65 114.18
1.17 131.07 2.97 112.44
1.30 129.02 3.28 111.01
1.42 127.47
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium bromide with CP(II) in 
acetonitrile at 298.15 K.
[CP(II)]/[Br‘] „  j [CP(II)]/[Br]L v n 1 J (S.cm .mol ) (S.cm .mol )
0.00 158.15 1.52 150.55
0.10 157.47 1.64 150.09
0.22 156.68 1.77 149.73
0.35 155.91 1.90 149.40
0.5 154.91 2.03 149.03
0.63 154.15 2.16 148.70
0.76 153.50 2.28 148.35
0.88 152.94 2.41 148.04
1.01 152.40 2.54 147.75
1.13 151.91 2.68 147.45
1.26 151.46 2.82 147.19
1.39 150.98 2.96 146.87
Conductometric titration data for tetra-n-butylammonium dihydrogen phosphate with 
CP(II) in acetonitrile at 298.15 K.
[CP(II)MH2P 04l (S J ™ morl)
0.00 167.33
0.11 165.67
0.23 163.99
0.34 162.46
0.46 160.75
0.57 159.69
0.69 158.11
0.80 156.51
0.91 155.24
1.07 153.46
1.18 152.16
1.29 150.83
[CPCII)]/ [H2P 0 4 ] (Scra> m orl)
1.44 149.32
1.56 148.14
1.68 146.96
1.79 145.93
1.98 144.55
2.17 142.95
2.36 141.87
2.55 141.12
2.74 140.17
2.93 139.19
3.12 138.57
3.31 137.74
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium nitrate with CP(II) in 
acetonitrile at 298.15 K.
[ C P f l D ] / [ N 0 3 - ]  ( S .J ”morl) [CP(II)]/ [ N 0 3 - ]  ( S .J morl)
0.00 187.67 1.48 188.12
0.16 187.73 1.67 188.10
0.34 187.58 1.94 188.36
0.53 187.82 2.13 188.30
0.72 187.87 2.32 188.41
0.91 187.92 2.51 188.50
1.10 187.94 2.70 188.58
1.29 187.95
Conductometric titration data for tetra-n-butylammonium perchlorate with CP(II) in 
acetonitrile at 298.15 K.
[CP(II)]/[C104] (Sxm^ mol, } [CP(II)]/[C104-] ( s . J m orl)
0.00 175.83 0.82 176.60
0.07 176.10 0.89 176.58
0.14 176.14 0.95 176.56
0.27 176.19 1.02 176.89
0.34 176.24 1.09 176.86
0.41 176.23 1.16 177.00
0.48 176.08 1.23 176.96
0.55 176.26 1.34 177.02
0.61 176.44 1.46 177.23
0.68 176.44 1.57 177.22
0.75 176.43
Appendix B Experimental Conductometric Data
Conductometric titration data for mercury(II) perchlorate with CP(II) in acetonitrile at
298.15 K.
[CP(II)]/[Hg2+] Am(S.cm^mol'1) [CP(II)]/[Hg2+]
Am
(S.cm2.mof1)
0.00 333.17 0.67 297.03
0.07 326.33 0.74 296.28
0.14 320.76 0.81 295.73
0.20 316.20 0.88 295.44
0.27 311.38 0.97 295.10
0.33 305.83 1.13 294.83
0.40 302.95 1.24 294.74
0.47 300.56 1.35 294.81
0.54 298.83 1.47 294.30
0.61 297.59 1.58 294.32
Conductometric titration data for silver(I) perchlorate with CP(II) in acetonitrile at 298, 
K.
[CP(II)]/[Ag+] Am(S.cm^mol*1) [CP(II)]/[Ag+]
Am
(S.cm^mol'1)
0.00 153.45 0.60 146.36
0.05 152.91 0.68 145.45
0.11 152.09 0.78 144.36
0.18 151.18 0.89 143.27
0.24 150.45 1.00 142.09
0.31 149.64 1.07 141.36
0.38 148.91 1.17 140.36
0.46 147.91 1.27 139.36
0.53 147.09 1.38 138.36
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium fluoride with CP(II) in 
dimethylformamide at 298.15 K.
[CP(II)]/[F] Am(S.cm^mol'1) [CP(II)]/ [F ]
Am
(S.cm^mor1)
0.00 74.00 1.24 65.05
0.15 72.92 1.36 64.57
0.27 72.06 1.48 64.08
0.39 71.18 1.63 63.48
0.51 70.12 1.75 62.77
0.63 69.20 1.87 62.24
0.75 68.26 1.99 61.51
0.87 67.48 2.11 59.65
0.99 66.34 2.23 58.89
1.12 65.70
Conductometric titration data for tetra-n-butylammonium chloride with CP(II) in
dimethylformamide at 298.15 K.
[CP(II)]/[C1-] Am(S.cm2.mof1) [CP(II)]/ [Cf]
Am
(S.cm2.mor])
0.00 65.78 0.90 62.96
0.07 65.58 0.99 62.86
0.17 65.25 1.08 62.78
0.26 64.89 1.17 62.57
0.35 64.64 1.26 62.36
0.44 64.38 1.35 62.13
0.53 64.11 1.45 61.90
0.63 63.72 1.54 61.79
0.72 63.43 1.63 61.67
0.81 63.26
Avvendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium bromide with CP(II) in 
dimethylformamide at 298.15 K.
[CP(II)]/[Br‘] Am(S W .m o l'1) [CP(II)]/ [Bf]
Am
(S.cm^mor1)
0.00 80.00 1.27 80.49
0.12 80.11 1.43 80.42
0.24 80.06 1.60 80.50
0.36 80.01 1.77 80.56
0.48 80.11 1.93 80.62
0.60 80.19 2.10 80.82
0.77 80.18 2.27 80.85
0.93 80.29 2.41 80.95
1.10 80.40
Conductometric titration data for mercury(II) perchlorate with CP(II) 
formamide at 298.15 K.
in dimethyl -
[CP(II)]/[Hg2+] Am(S.cm^mol'1) [CP(II)]/ [Hg2+]
Am
(S.cm2.mol*1)
0.00 185.00 0.91 183.38
0.07 184.72 1.02 183.11
0.14 184.34 1.13 183.05
0.25 184.14 1.25 182.81
0.32 184.08 1.36 182.69
0.43 184.10 1.49 182.53
0.61 183.97 1.60 182.56
0.70 183.66 1.72 182.39
0.77 183.50 1.85 182.24
0.84 183.56 1.97 182.22
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium fluoride with CP(II) in 
dimethyl sulfoxide at 298.15 K.
[CP(II)]/[F“] Am(S.cm^mor1) [CP(II)]/ [F-]
Am
(S.cm2. mol'1)
0.00 37.74 1.12 27.20
0.08 36.73 1.20 27.02
0.16 35.76 1.28 26.90
0.24 34.81 1.36 26.82
0.32 33.87 1.44 26.79
0.40 32.97 1.52 26.78
0.48 32.11 1.60 26.77
0.56 31.25 1.68 26.77
0.64 30.35 1.76 26.78
0.72 29.56 1.84 26.81
0.80 28.84 1.92 26.84
0.88 28.29 2.00 26.88
0.96 27.80 2.08 26.92
1.04 27.44 2.16 26.95
Conductometric titration data for tetra-n-butylammonium chloride with CP(II) in 
dimethyl sulfoxide at 298.15 K.
[cp (u )]/[cn Am(S.cm2.mol'1) [CP(II)]/ [Cl]
Am
(S.cm^mor1)
0.00 38.28 1.07 36.22
0.13 37.99 1.20 35.96
0.27 37.73 1.33 35.75
0.40 37.45 1.47 35.52
0.53 37.19 1.60 35.34
0.67 36.94 1.73 35.06
0.80 36.69 1.87 34.77
0.93 36.45 2.00 34.52
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium dihydrogen phosphate with 
CP(II) in dimethyl sulfoxide at 298.15 K.
[CP(II)]/[H2P 04-] Am(S.cm^mor1) [CP(II)]/[H2P 04-]
Am
(S.cm^mor1)
0.00 30.17 1.20 28.35
0.13 29.94 1.33 28.20
0.27 29.69 1.47 28.07
0.40 29.46 1.60 27.92
0.53 29.23 1.73 27.79
0.67 29.04 1.87 27.72
0.80 28.85 2.00 27.65
0.93 28.70 2.13 27.57
1.07 28.51 2.27 27.53
Conductometric titration data for tetra-n-butylammonium fluoride with CP(II) in 
propylene carbonate at 298.15 K.
[CP(II)]/[F] ,.k [CP(II)]/ [F‘] ,.K(S cm .mol ) (S.cm .mol )
0.00 27.67 0.93 21.64
0.06 27.23 1.03 21.36
0.14 26.65 1.13 21.16
0.20 26.17 1.23 21.03
0.26 25.74 1.33 20.93
0.32 25.27 1.46 20.83
0.38 24.84 1.55 20.77
0.44 24.37 1.65 20.73
0.52 23.82 1.76 20.70
0.62 23.14 1.86 20.67
0.73 22.48 1.96 20.65
0.83 21.99 2.06 20.62
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium chloride with CP(II) in 
propylene carbonate at 298.15 K.
[CP(II)]/[C1] Am(S.cm^mor1) [CP(II)]/ [Cl ]
Am
(S.cm^mor1)
0.00 25.13 0.87 19.15
0.05 24.78 0.92 18.98
0.11 24.39 0.97 18.80
0.16 24.00 1.02 18.61
0.21 23.62 1.07 18.44
0.26 23.25 1.13 18.28
0.32 22.86 1.18 18.13
0.37 22.50 1.23 17.99
0.43 22.08 1.28 17.89
0.49 21.71 1.34 17.73
0.55 21.32 1.39 17.64
0.60 20.95 1.44 17.55
0.66 20.60 1.50 17.49
0.71 20.20 1.53 17.45
0.76 19.80 1.58 17.44
0.81 19.46 1.63 17.40
Conductometric titration data for tetra-n-butylammonium bromide with CP(II) in 
dimethyl sulfoxide at 298.15 K.
[ C m m r l  (s . J m orl) [CP(II)]/ [Br‘]
0.00 29.83 1.86 27.56
0.24 29.56 2.10 27.44
0.48 29.10 2.34 27.32
0.71 28.80 2.58 27.17
0.99 28.39 2.83 27.00
1.33 27.98 3.06 27.91
1.59 27.82 3.31 27.70
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium dihydrogen phosphate with 
CP(II) in propylene carbonate at 298.15 K.
[CP(II)]/[H2P04-] Am(S.cm^.mor1) [CP(II)]/ [H2P 04 ]
Am
(S.cm2.mol'1)
0.00 30.30 1.27 25.23
0.11 29.65 1.38 25.07
0.18 29.31 1.49 24.92
0.24 28.93 1.60 24.79
0.32 28.45 1.71 24.68
0.39 28.10 1.84 24.57
0.47 . 27.67 1.97 24.47
0.54 27.38 2.10 24.40
0.61 27.07 2.23 24.33
0.69 26.74 2.36 24.25
0.75 26.50 2.49 24.19
0.84 26.21 2.62 24.09
0.95 25.96 2.75 24.03
1.06 25.65 2.88 23.96
1.16 25.42 3.01 23.77
Conductometric titration data for mercury(II) perchlorate with CP(II) in dimethyl 
sulfoxide at 298.15 K.
[CP(II)]/[Hg2+] Am(S.cm2.mior1) [CP(II)]/ [Hg2+]
Am
(S.cm2.mol*1)
0.00 53.87 0.82 54.35
0.12 53.99 0.96 54.37
0.23 54.09 1.08 54.46
0.35 53.95 1.20 54.54
0.47 54.05 1.31 54.62
0.58 54.15 1.43 54.69
0.70 54.24 1.55 54.76
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium fluoride with CP(III) in 
acetonitrile at 298.15 K.
0.00 154.92 2.00 153.94
0.15 154.91 2.15 153.87
0.31 154.85 2.31 153.80
0.46 154.80 2.46 153.79
0.62 154.75 2.62 153.74
0.77 154.68 2.77 153.70
0.92 154.65 2.92 153.63
1.08 154.61 3.08 153.57
1.23 154.55 3.23 153.52
1.38 154.50 3.38 153.46
1.54 154.04 3.54 153.40
1.69 154.01 3.69 153.39
1.85 153.96
Conductometric titration data for mercury(II) perchlorate with CP(III) in acetonitrile at
298.15 K.
[CPdHMHg1*] (S (CPan)l/[Hg=*i
0.00 338.73 1.73 301.47
0.13 333.23 1.87 300.00
0.27 328.05 2.00 298.83
0.40 323.82 2.13 297.58
0.53 320.55 2.27 296.40
0.67 317.71 2.40 295.34
0.80 314.76 2.53 294.36
0.93 312.39 2.67 293.34
1.07 310.15 2.80 292.34
1.20 308.20 2.93 291.50
1.33 306.42 3.07 290.77
1.47 304.67 3.20 290.06
1.60 303.14
Appendix B____________________  Experimental Conductometric Data
Conductometric titration data for nickel(II) perchlorate with CP(III) in acetonitrile at
298.15 K.
[cpan)]/[N i2+] Am(S.cm^.mor1) [CP(III)]/ [Ni2+]
Am
(S.cm^mor1)
0.00 409.71 1.07 394.36
0.13 407.72 1.20 392.41
0.27 405.74 1.33 390.96
0.40 403.89 1.47 389.14
0.53 401.84 1.60 387.43
0.67 399.92 1.73 385.73
0.80 398.12 1.87 383.96
0.93 396.13 2.00 382.39
Conductometric titration data for mercury(II) perchlorate with CP(IV) in acetonitrile at 
298.15 K.
[CP(TV)]/[Hg2+] Am(S.cm^.mor1) [CP(IV)]/ [Hg2+]
Am
(S.cm2.mol*1)
0.00 335.87 1.27 310.36
0.08 333.90 1.35 309.24
0.16 331.78 1.43 308.41
0.25 328.97 1.53 307.44
,0.33 326.83 1.60 306.71
0.41 324.78 1.68 * 306.13
0.51 322.95 1.76 305.54
0.59 321.01 1.83 304.94
0.66 319.48 1.91 304.32
0.76 317.65 1.98 303.70
0.84 316.16 2.06 303.23
0.94 314.56 2.14 302.61
1.02 313.43 2.23 302.20
1.09 312.30 2.31 301.88
1.17 311.31 2.39 301.36
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium fluoride with CP(IV) in 
acetonitrile at 298.15 K.
[CP(IV)]/[FT ,-K [CP(IV)]/ [F ](S.cm .mol ) (S.cm .mol )
0.00 148.83 1.02 144.06
0.11 148.64 1.14 142.70
0.23 148.60 1.25 142.02
0.34 148.55 1.37 140.62
0.46 148.50 1.48 139.73
0.57 148.09 1.59 138.47
0.68 147.50 1.71 137.54
0.80 145.68 1.82 137.33
0.91 144.70 1.93 136.92
Conductometric titration data for tetra-n-butylammonium chloride with CP(IV) in 
acetonitrile at 298.15 K.
[CP(iv)]/[cn /c, \m ,-K [CP(rv)]/[cr] /c,L v n  L J (S.cm . m o l ( S . c m  .m oll)
0.00 150.28 0.95 150.11
0.09 150.54 1.04 150.00
0.19 150.51 1.14 149.88
0.28 150.47 1.23 149.75
0.38 150.28 1.33 149.77
0.47 150.23 1.42 149.77
0.57 150.31 1.52 149.77
0.66 150.23 1.61 149.76
0.76 150.15
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium fluoride with CP(VI) in 
acetonitrile at 298.15 K.
[CP(VI)]/[F] ,c h2 m  , - k  [CP(VI)]/ [F] ,c(S.cm .mol ) (S.cm .mol )
0.00 152.09 1.08 101.63
0.09 147.54 1.17 99.96
0.18 142.88 1.26 98.85
0.27 138.09 1.35 98.13
0.36 133.79 1.44 97.63
0.45 129.95. 1.53 97.32
0.54 124.68 1.62 97.22
0.63 119.90 1.71 97.00
0.72 115.52 1.80 97.01
0.81 111.42 1.89 97.05
0.90 107.05 1.98 96.92
0.99 103.93 2.07 96.80
Conductometric titration data for tetra-n-butylammonium chloride with CP(VI) in 
acetonitrile at 298.15 K.
[CP(VI)]/[CF] K2m ,-k [CP(VI)]/[CF] /c,L v n  L J (S.cm unol ) (S.cm .mol )
0.00 152.09 1.08 101.63
0.09 147.54 1.17 99.96
0.18 142.88 1.26 98.85
0.27 138.09 1.35 98.13
0.36 133.79 1.44 97.63
0.45 129.95 1.53 97.32
0.54 124.68 1.62 97.22
0.63 119.90 1.71 97.00
0.72 115.52 1.80 97.01
0.81 111.42 1.89 97.05
0.90 107.05 1.98 96.92
0.99 103.93 2.07 96.80
Appendix B Experimental Conductometric Data
Conductometric titration data for mercury(II) perchlorate with CP(IV) in acetonitrile at
298.15 K.
[CP(VI)]/[Hg2+] Am(S.cm2.mol'1) [CP(VI)]/ [Hg2+]
Am
(S.cm^mor1)
0.00 332.03 1.03 268.78
0.07 321.78 1.10 267.95
0.15 311.72 1.17 267.31
0.22 301.99 1.25 266.62
0.29 292.90 1.32 266.20
0.37 284.55 1.39 266.03
0.44 277.56 1.47 265.40
0.51 273.25 1.54 265.77
0.59 272.53 1.61 265.15
0.66 272.77 1.69 264.58
0.73 272.48 1.76 264.05
0.81 271.60 1.83 263.61
0.88 270.65 1.91 263.18
0.95 269.62 1.98 262.75
Conductometric titration data for silver(I) perchlorate with CP(VI) in acetonitrile at 
298.15 K.
[CP(VI)]/[Ag+] Am(S.cm lm or1) [CP(VI)]/ Ag+]
Am
(S.cm2.mol'1)
0.00 180.93 1.26 170.49
0.11 179.64 1.37 169.72
0.23 178.83 1.49 169.32
0.34 177.17 1.60 169.12
0.46 175.93 1.71 168.94
0.57 174.84 1.83 168.54
0.69 174.04 1.94 168.29
0.80 173.11 2.06 168.07
0.91 172.32 2.17 167.94
1.03 171.68 2.29 167.81
1.14 171.05 2.40 167.64
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium fluoride with CP(VI) in 
dimethyl sulfoxide at 298.15 K.
[CP(VI)]/[F_] [CP(VI)]/[F‘] , _ k(S.cm .mol ) (S.cm .mol )
0.00 31.18 1.07 26.93
0.13 30.50 1.20 26.42
0.27 30.03 1.33 26.17
0.40 29.52 1.47 25.74
0.53 28.99 1.60 25.43
0.67 28.37 1.73 25.05
0.80 27.79 1.87 24.72
0.93 27.26 2.00 24.48
Conductometric titration data for tetra-n-butylammonium fluoride with CP(VII) in 
acetonitrile at 298.15 K.
[CP(VII)]/[F] ( s _ J ”morl) [CP(VID]/[F-] ( s . J ”morl)
0.00 153.83 1.06 121.16
0.10 149.88 1.15 119.76
0.19 146.71 1.25 119.45
0.29 143.44 1.34 118.64
0.38 139.65 1.44 117.86
0.48 136.14 1.54 117.61
0.58 132.96 1.63 118.00
0.67 129.90 1.73 117.42
0.77 127.15 1.82 117.15
0.86 124.78 1.92 116.53
0.96 122.74
Appendix B Experimental Conductometric Data
Conductometric titration data for tetra-n-butylammonium chloride with CP(VII) in 
acetonitrile at 298.15 K.
[CP(VII)]/[Cn Am (S.cm2.mor‘)
0.00 159.17
0.11 158.50
0.22 158.00
0.41 157.17
0.61 156.67
0.79 155.83
0.97 155.17
1.15 154.50
1.34 153.67
1.52 153.17
1.70 152.50
1.88 152.00
Conductometric titration data for tetra-n-butylammonium bromide with CP(VII) in 
acetonitrile at 298.15 K.
[CP(VII)]/[Br] Am (S.cm2.mol-‘)
0.00 162.03
0.12 162.19
0.23 162.33
0.35 162.63
0.47 162.75
0.58 162.86
0.70 162.95
0.81 163.03
0.93 163.10
1.05 163.33
1.16 163.37
1.28 163.57
1.42 163.80
Appendix B Experimental Conductometric Data
Conductometric titration data for mercury(II) perchlorate with CP(VII) in acetonitrile at
298.15 K.
[CP(VI)]/[Hg2+] ( s . J m orl) [CP(VI)]/ [Hg2+] {s. J " m orl)
0.00 335.70 2.24 283.35
0.19 325.13 2.43 282.33
0.37 315.35 2.61 281.42
0.56 306.22 2.80 280.70
0.75 298.57 2.99 279.87
0.93 294.73 3.17 279.68
1.12 291.38 3.36 278.99
1.31 289.23 3.55 278.53
1.49 287.51 3.73 278.31
1.68 286.54 3.92 277.82
1.87 285.27 4.11 277.21
2.05 284.80
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Appendix C
1- Mass spectrum of Resin 1
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T: + c FAB Full ms [219.50-2200.50]
1 0 0 - 1
90-
8 0 -
7 0 -
c 60 —
§  50-
9 40
i | i i i [ : i i
900 1000 1 1 00 1 2 0 0
1 i p n  i [ i i i i | i i  i | i i r
1300 1400 1500 1600
m /z
2- Mass spectrum of Resin 2
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Appendix C Mass Spectra & TGA
3- The TGA curve of Resin 2.
TGA
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Appendix D
Capacity of Resin 2 (0.1 g) for the uptake of phosphate anion (potassium as counter ion) 
from aqueous solution at 298.15 K.
[H2PO4 jinitial [H2PO4 Jequilibrium [H2PO4 ] extracted % Extraction ce(mmol/1)
qe
(mmol/g)
4.00 xlO'5 1.53 xlO'6 3.85 xlO'5 96.18 0.002 0.004
6.00x1 O'5 3.41 xlO'6 5.66 xlO'5 94.31 0.003 0.006
8.00 xlO'5 6.67 xlO'6 7.33 xlO'5 91.66 0.007 0.007
2.00 xlO-4 1.83 xlO'5 1.82 xio*4 90.83 0.018 0.018
4.00 xlO-4 9.33 xlO'5 3.07 xlO-4 76.68 0.093 0.031
6.00 xlO*4 1.80 xlO-4 4.20 xlO-4 70.05 0.180 0.042
8.00 xlO-4 3.33 xlC 4 4.67 xlO"4 58.33 0.333 0.047
Capacity of Resin 2 (0.05 g) for the uptake of arsenate anion (sodium as counter ion) 
from aqueous solution at 298.15 K.
[H2ASO4 Jinitial [H2ASO4 jequilibrium1 [H2ASO4 ] extracted
%
Extraction
ce
(mmol/1)
qe
(mmol/g)
2.00x1 O'5 4.82 xlO'7 1.95 xlO'5 97.59 0.0005 3.90 xlO-4
6.00 xlO'5 3.67 xlO"6 5.63 xlO'5 93.89 0.0037 1.13 xlO'3
8.00 xlO-5 7.03 xlO"6 7.30 xlO'5 91.21 0.0070 1.46 xlO'3
1.00 xlO'5 1.71xl0'5 8.29 xlO'5 82.87 0.0171 1.66 xlO'3
2.00 xlO'4 6.42 xlO'5 1.36 xlO-4 67.88 0.0642 2.72 xlO'3
4.00 xlO-4 2.09 xlO"4 1.91 xlO-4 47.76 0.2090 3.82 xlO'3
6.00x1 O'4 3.84 xlO"4 2.16 xlO4 36.01 0.3840 4.32 xlO'3
Avvendix D Exverimental Extraction Data
Effect of pH on the uptake of arsenate anion (1 xlO'3 mol dm'3) by Resin 2 from aqueous 
solution at 298.15 K.
pH % Extraction
3.96 20.58
5.25 25.56
6.97 24.69
9.00 19.07
11.14 16.05
Effect of pH on the uptake o f phosphate anion (1 xlO'3 mol dm'3) by Resin 2 from 
aqueous solution at 298.15 K.
pH % Extraction
2.29 52.41
4.2 65.23
5.13 67.46
6.9 68.02
9.22 63.82
10.88 59.53
Apyendix D Experimental Extraction Data
Capacity of Resin 1 (0.1 g) for the uptake of Hg(II) (nitrate as counter ion) from aqueous 
solution at 298.15 K.
[Hg2+]jnitial [Hg lequilibrium Extracted % Extraction ce(mmol/l) qe(mmol/g)
2.29 xlO*4 0.00 2.29 xlO-4 100.00 0.00 0.023
4.58 xlO-4 5.83 xlO'5 4.00 xlO-4 87.26 0.06 0.040
6.87 xlO-4 1.27 xlO-4 5.60 xlO-4 81.56 0.13 0.056
9.16 xlO"4 1.95 xlO-4 7.21 xio-4 78.71 0.20 0.072
1.15 xlO-4 3.25 xlO-4 8.20 xlO"1 71.62 0.33 0.082
2.29 xlO'3 9.60 xlO-4 1.33 xlO'3 58.08 0.96 0.133
4.58 xlO'3 2.29 xlO'3 2.29 xlO'3 50.00 2.29 0.229
6.87 xlO'3 4.30 xlO'3 2.57.X10'3 37.41 4.30 0.257
9.16 xlO'3 6.50 xlO'3 2.66 xlO'3 29.04 6.50 0.266
1.15 xlO'3 8.75 xlO'3 2.70 xlO'3 23.58 8.75 0.270
Capacity of Si (0.035 g) for the uptake of Hg(II) (nitrate as counter ion) from aqueous 
solution at 298.15 K.
[Hg2+]jnitial [H g Jequilibrium [H g Jextracted % Extraction ce(mmol/l) qe(mmol/g)
4 xlO4 0.00 4.00 xlO4 100.00 0.00 0.114
6 xlO4 0.00 6.00 xlO4 100.00 0.00 0.171
8 xlO4 5.83 xlO's 7.42 XlO4 92.71 0.06 0.212
OX 1.50 xlO4 8.50 xlO4 85.00 0.15 0.243
2 xlO'3 9.25 xlO4 1.08 xlO'3 53.75 0.93 0.307
4 xlO'3 2.70 xlO'3 1.30 xlO'3 32.50 2.70 0.371
6 xlO'3 4.50 xlO'3 1.50x1 O'3 25.00 4.50 0.429
8 xlO'3 6.40 xlO'3 1.60 xlO'3 20.00 6.40 0.457
1 xlO'2 8.40 xlO'3 1.60 xlO'3 16.00 8.40 0.457
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Capacity of Si (0.15 g) for the uptake of Hg(II) (nitrate as counter ion) from aqueous 
solution at 298.15 K.
[ H g 2+]jnitial [ H g  jequilibrium [ H g  ]extracted % Extraction ce(mmol/l) qe(mmol/g)
4.98 xlO-4 1.33 xlO-4 3.65 xlO-4 73.22 0.13 0.024
6.64 xlO-4 2.33 xlO"4 4.31 xlO-4 64.85 0.23 0.029
8.30 xlO-4 2.33 xlO-4 5.97 xlO4 71.88 0.23 0.040
1.66 xlO'3 6.50 xlO-4 1.01 xlO-3 60.84 0.65 0.067
3.32 xlO'3 1.00 x 1 O'3 2.32 xlO’3 69.87 1.00 0.155
4.98 xlO'3 2.15 x l0‘3 2.83 xlO’3 56.82 2.15 0.189
6.64 xlO'3 3.10 xlO’3 3.54 x l0‘3 53.31 3.10 0.236
8.30 xlO'3 4.80 xlO’3 3.50 X10’3 42.16 4.80 0.233
Effect of pH on the uptake of Hg(II) (nitrate as counter ion) by Resin 1, Si and S2 from 
aqueous solution at 298.15 K.
SI S2 Resin 1
pH % Extraction pH % Extraction pH % Extraction
2.09 41.67 3.05 53.33 2.05 70.82
4.3 60.00 4.91 56.67 3.18 72.29
6.46 85.00 7.07 55.00 4 71.15
8.39 84.00 8.23 43.33 5.16 71.84
10.49 20.00 6.34 71.54
7.5 71.30
i
8.58 70.90
Appendix D Experimental Extraction Data
Effect of temperature on the uptake of Hg(II) (nitrate as counter ion) by Resin 1, Si and 
S2 from aqueous solution.
% Extraction
Temperature (°C) SI S2 Resin 1
15 74.84 63.33 59.12
20 84.28 66.67 71.70
25 85.85 60.00 74.84
35 84.28 63.33 84.28
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